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13.  ABSTRACT  (Maximum  200  Words) 

Understanding  the  biological  mechanisms  that  control  cell  growth  and  cell  death  is  a  mayor  goal  in  cancer  research  since  it 
could  allow  the  design  of  anti-neoplasic  therapies  to  specifically  eliminate  tumor  cells.  The  effectiveness  of  radiotherapy  and 
chemotherapy  relies  in  part  in  their  ability  to  induce  a  genetic  program  of  cell  destruction  know  as  apoptosis.  Unfortunately,  at  present 
this  conventional  therapies  induce  cell  death  of  both  normal  and  cancer  cells  resulting  in  undesirable  toxic  effects.  Furthermore,  the 
signaling  pathways  that  lead  to  apoptosis  are  often  subverted  in  cancer  cells  resulting  in  resistance  to  radiation  or  chemotherapy.  One 
mechanism  by  which  cancer  cells  become  resistant  to  radiation  is  by  disrupting  the  sphigomyelin  pathway  that  comprises  a  series  of 
biochemical  reactions  generating  lipid  molecules  called  sphingolipids  that  are  involved  in  controlling  various  cellular  functions.  The 
sphingolipid  metabolites  ceramide,  sphingosine  and  sphingosine- 1 -phosphate  (SPP)  have  recently  emerged  as  a  new  class  messengers 
that  regulate  cell  growth  and  apoptosis.  While  intracellular  accumulation  of  sphingosine  or  ceramide  induces  cell  death,  SPP  promotes 
cell  survival.  Therefore,  our  laboratory  has  proposed  that  a  dynamic  balance  in  the  level  of  intracellular  sphingolipids  serves  as  a 
signal  to  determine  whether  a  cell  survives  or  dies.  In  support  of  this  hypothesis  it  has  been  found  that  the  sensitivity  of  specific 
prostate  cancer  cell  lines  to  radiation  correlates  with  intracellular  ceramide  levels  and  with  the  activity  of  sphingosine  kinase  (SPHK), 
the  enzyme  that  catalyzes  the  formation  of  SPP  after  adding  a  phosphate  group  to  sphingosine.  I  propose  to  further  investigate  the  role 
of  sphingolipids  in  radiation-induced  apoptosis  in  prostate  cancer.  First,  prostate  cancer  cell  lines  with  different  susceptibility  to 
radiation  will  be  used  to  determine  the  mass  levels  of  ceramide,  sphingosine  and  SPP  at  different  times  after  apoptotic  stimulation. 
Elevated  intracellular  levels  of  ceramide  and  sphingosine  are  expected  to  be  found  in  association  with  high  radiosensitivity.  Second, 
the  levels  of  expression  of  SPHK  will  be  experimentally  enhanced  or  inhibited  in  prostate  cancer  cells  and  the  susceptibility  to 
apoptosis  will  be  studied.  Since  SPHK  produces  SPP,  decrease  sensitivity  to  radiation  is  expected  if  high  levels  of  this  kinase  are 
achieved.  Finally,  isolation  of  different  forms  of  human  SPHK  will  be  attempted  from  known  DNA  sequences  with  similarity  to 
murine  SPHK.  Achievement  of  this  goal  could  facilitate  characterization  of  role  of  sphingolipid  metabolites  in  human  cancer. 

In  summary,  studying  the  role  of  sphingolipids  in  the  modulation  of  susceptibility  of  prostate  cancer  cells  to  apoptotic  may  provide  the 
basis  for  molecular  strategies  that  improve  existing  anti-neoplasic  therapies. _ 
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INTRODUCTION 


Recently,  others  and  we  have  suggested  that  the  sphingolipid  metabolites,  ceramide  and 
sphingosine,  provide  proapoptotic  signals,  and  a  further  metabolite,  sphingosine-l-phosphate 
(SPP),  promotes  cell  survival  and  suppresses  apoptosis  (1,2,7).  Dysregulation  of  this  sphingolipid 
biostat  may  be  important  in  the  acquisition  of  malignant  phenotypes  and  radioresistance  in  which 
transformed  cells  can  circumvent  existing  apoptotic  mechanisms  that  would  normally  target  the 
destruction  of  these  cells.  Thus,  resetting  this  biostat  could  potentially  be  used  to  enhance 
apoptosis  and  overcome  resistance  to  radiation  or  androgen  ablation. 

Previously,  it  has  been  suggested  that  LNCaP  cells  are  highly  resistant  to  induction  of 
apoptosis  by  "/-irradiation  due  in  part  to  a  defect  in  ceramide  generation  (3,4).  Likewise,  resistance 
to  apoptosis  involves  a  defect  in  ceramide  generation  in  the  PC3  prostate  cancer  cell  line.  Although 
in  LNCaP  cells,  irradiation  did  not  result  in  ceramide  generation  or  apoptosis,  pretreatment  with 
TPA  not  only  enhanced  radiation-induced  apoptosis,  but  also  enabled  ceramide  generation  via 
activation  of  ceramide  synthase  (8).  In  agreement,  apoptosis  was  abrogated  by  fumonisin  Bl,  a 
competitive  inhibitor  of  ceramide  synthase.  Most  importantly,  when  transplanted  orthotopically  into 
the  prostate  of  nude  mice,  LNCaP  cells  produced  tumors  that  showed  the  same  responses  to  TPA 
and  radiation  therapy  (8).  However,  apoptosis  induced  by  treatment  with  TNF  and  y-irradiation 
was  not  mediated  by  stimulation  of  de  novo  ceramide  synthesis.  Similarly,  apoptosis  in  LNCaP 
cells  induced  by  the  topoisomerase  1  inhibitor  camptothecin,  ceramide  generation  was  also 
independent  of  the  de  novo  pathway.  A  further  metabolite  of  ceramide,  sphingosine,  has  also  been 
shown  to  induce  apoptosis  of  androgen-independent  human  prostate  cancer  cells  (5).  Collectively, 
our  previous  work  (10)  suggest  that  ceramide  and  sphingosine  generation  together  with  inhibition 
of  sphingosine  kinase  are  critical  components  in  radiation-induced  apoptosis  in  human  prostate 
cancer  cells.  Preventing  ceramide  and  sphingosine  generation  and/or  stimulation  of  sphingosine 
kinase  may  provide  a  selective  advantage  in  the  development  of  radioresistance  of  prostate  tumors. 
Therefore,  development  of  agents  which  specifically  regulate  levels  of  sphingolipid  metabolites 
might  provide  new  tools  to  use  in  conjunction  with  radiation  therapy.  Therefore,  in  order  to  further 
characterize  the  regulation  of  cell  death  by  sphingolipids  we  established  various  cell  lines 
expressing  sphingosine  kinase  (SPHK). 
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Cloning  and  characterization  of  human  isoforms  of  SPHK. 

Last  year  we  cloned  and  characterized  human  SPHK-1  and  a  novel  sphingosine  kinase 
isoform  named  SPHK-2  which  we  reported  in  the  literature  (1 1,12).  This  served  to  complete  Task  3 
of  the  grant  (see  Appendices). 

Modulation  of  the  expression  of  SPHK  in  human  prostate  cancer  cell  lines  and 
characterization  of  their  susceptibility  to  apoptosis. 

The  enhanced  survival  of  cancer  cells  depends  either  on  subversion  of  the  apoptotic  machinery 
by  mutations  or  selection  of  genes  that  induce  proliferation.  SPP,  the  product  of  SPHK,  could 
contribute  to  malignant  transformation  since  it  has  mitogenic  and  anti-death  functions.  The  cloning 
of  SPHK  now  allows  us  to  use  genetic  approaches  to  directly  examine  this  hypothesis  avoiding 
complications  of  exogenously  added  SPP,  such  as  receptor  engagement,  limiting  uptake,  and 
delivery  to  specific  cellular  compartments,  and  is  likely  to  succeed  since  previous  results  from  our 
laboratory  indicate  that  overexpression  of  SPHK  in  NIH  3T3  fibroblasts  has  mitogenic  and  anti- 
apoptotic  effects  (13).  Therefore,  we  decided  to  assess  whether  modulation  of  SPHK  activity  by 
varying  its  expression  in  human  prostate  carcinoma  cells  alters  their  susceptibility  to  apoptotic 
stimuli,  and  whether  SPHK  expression  counteracts  only  ceramide-mediated  processes  and/or  also 
acts  independently  to  promote  survival.  We  selected  TSU-Prl  prostate  carcinoma  cells  for  studies 
of  the  role  of  SPHK  regulating  apoptosis  for  several  reasons:  1.  TSU-Prl  cells  are  sensitive  to 
many  apoptotic  agents  some  of  which,  like  Doxorubicin,  are  known  to  elevate  ceramide  levels.  2. 
Irradiation  increases  ceramide  levels  and  induces  apoptosis  in  TSU-Prl  cells.  3.  TSU-Prl  cells 
undergo  caspase-dependent  apoptosis  that  is  accessible  to  study  using  a  variety  of  techniques  used 
in  our  laboratory.  5.  TSU-Prl  cells  can  readily  be  transfected  and  achieve  high  levels  of  protein 
expression  of  the  transgenes.  Our  long-term  plan  is  to  study  the  role  of  both  isoforms  of  SPHK 
in  prostate  cancer.  However,  our  initial  efforts  were  focused  on  SPHK-2  since  it  is  a  novel 
enzyme  of  unknown  function,  and  since  it  is  expressed  in  prostate  cancer  by  SAGE  (14).  A 
pooled  cell  line  overexpressing  murine  SPHK-2  tagged  with  c-myc  was  constructed  using 
Lipofectamine  Plus  according  to  the  instructions  of  the  manufacturer  (GIBCO-BRL). 
Surprisingly,  we  found  that  SPHK-2  accelerates  apoptosis  of  TSU-Prl  cells  induced  by  a  variety 
of  noxious  stimuli  (Fig.  1A).  Expression  of  SPHK-2  was  adequate  as  determined  by 
immunoblots  (Fig.  IB).  Similar  results  were  obtained  using  various  cell  lines  after  transient  or 
stable  overexpression  (data  not  shown).  In  general,  SPP  production  or  SPHK-1  overexpression 
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has  been  associated  with  inhibition  of  cell  death.  However,  some  reports  indicate  that  elevations  of 
SPP  may  also  be  able  to  induce  apoptosis  (15).  These  apparently  contradictory  results  may  be 
reconciled  considering  various  non-exclusive  possibilities  that  are  currently  under  investigation  in 
our  laboratory:  1-  Differential  effects  of  the  accumulation  of  SPP  in  discrete  microenviroments  in 
a  cell-type  specific  manner.  2-  Generation  of  a  SPP  metabolite,  such  as  dihydro-SPP,  that  could 
act  in  a  cell-type  specific  fashion.  Alternatively,  a  protein  function  of  SPHK-2,  may  to  activate  the 
cell  death  program  independently  of  the  enzymatic  ability  to  generate  SPP  .  This  is  supported  by 
the  presence  of  a  non-conserved  region  in  SPHK-2  that  is  absent  in  SPHK-1,  and  is  also  the  focus 
of  our  current  efforts.  In  summary,  we  have  made  significant  progress  towards  the  completion  of 
Task.  2  of  the  grant  which  could  be  completed  within  the  allocated  time  of  32  months. 
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Figure  1.  SPHK-2  accelerates  cells  death  of  TSU-Prl  cells.  (A)  Subconfluent  prostate 
cancer  TSU-Prl  cells  stably  expressing  murine  SPHK-2  (SK2)  or  a  vector  (V)  control  cell  line, 
were  treated  with  serum  free  media  containing  or  not  Okadaic  acid  (OA),  Doxorubicin  (Doxo)  or 
Etoposide  (VP  16)  at  the  indicated  concentrations  and  cell  viability  was  determined  by  blindly 
counting  at  least  400  cells  at  different  times.  Bars  indicate  standard  error  of  an  experiment 
performed  in  duplicate.  Similar  results  were  obtained  in  three  independent  experiments.  (B) 
Expression  of  myc-SPHK-2  (SK2)  in  the  TSU-Prl  pooled  cell  line  used  in  A,  was  confirmed  by 
standard  immunoblotting.  Lysates  from  stable  vector  (myc-pcDNA3)  transfected  cells  were  used 
as  a  control. 
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CONCLUSIONS 


Resistance  to  apoptosis  is  important  in  tumorigenesis  and  viral  diseases  and  thus  interference 
with  apoptosis  is  important  for  development  of  therapeutic  modalities  in  cancer  and  other  human 
diseases.  The  positive  and  negative  effects  of  SPP  and  ceramide  on  cell  proliferation  and  survival 
may  potentially  be  of  interest  in  paradigms  of  normal  growth  and  development,  as  well  as  in  stress 
responses,  toxicology,  and  tumor  biology..  Disregulation  of  the  sphingolipid  biostat  may  be 
important  in  the  acquisition  of  malignant  phenotypes  in  which  transformed  cells  can  circumvent 
existing  apoptotic  mechanisms  that  would  normally  target  the  destruction  of  mutated  cells.  The 
regulation  of  the  sphingolipid  biostat  may  have  important  implications  for  the  treatment  of  cancer, 
since  many  therapeutic  approaches  have  been  shown  to  cause  accumulation  of  ceramide,  including 
cytosine  arabinoside,  vincristine,  daunorubicin,  and  ionizing  radiation  (6,9).  While  some 
therapeutic  approaches  that  induce  ceramide-mediated  apoptotic  pathways  have  had  success  in 
treating  leukemias  and  lymphomas,  many  solid  tumors  have  proven  to  be  more  resistant  to 
apoptotic  stimuli.  The  reasons  for  these  differences  in  susceptibility  to  apoptotic  stimuli  are  poorly 
understood.  It  is  our  hypothesis  that  the  susceptibility  of  tumor  cells  to  apoptotic  stimuli  can  be 
altered  by  modulating  the  sphingolipid  biostat.  In  support  of  this  idea,  we  showed  that  radiation 
resistance  of  prostate  cancer  cells  could  also  be  altered  by  modulating  ceramide  levels.  Elucidation 
of  the  role  of  sphingolipid  metabolites,  ceramide  and  SPP,  in  cancer  cell  biology,  may  also  identify 
new  targets  and  mechanisms  for  specifically  interfering  with  proliferative,  locomotive,  and  survival 
responses  as  a  basis  for  therapeutic  intervention  based  on  manipulation  of  sphingolipid  metabolite 
signaling. 
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ABSTRACT 

Ceramide  has  been  implicated  as  an  important  component  of  radiation- 
induced  apoptosis  of  human  prostate  cancer  cells.  We  examined  the  role 
of  the  sphingolipid  metabolites — ceramide,  sphingosine,  and  sphingosine- 
1-phosphate — in  susceptibility  to  radiation-induced  apoptosis  in  prostate 
cancer  cell  lines  with  different  sensitivities  to  y-irradiation.  Exposure  of 
radiation-sensitive  TSU-Prl  cells  to  8-Gy  irradiation  led  to  a  sustained 
increase  in  ceramide,  beginning  after  12  h  of  treatment  and  increasing  to 
2.5-  to  3-fold  within  48  h.  Moreover,  irradiation  of  TSU-Prl  cells  also 
produced  a  marked  and  rapid  50%  decrease  in  the  activity  of  sphingosine 
kinase,  the  enzyme  that  phosphorylates  sphingosine  to  form  sphingosine- 
1-phosphate.  In  contrast,  the  radiation-insensitive  cell  line,  LNCaP,  had 
sustained  sphingosine  kinase  activity  and  did  not  produce  elevated  cer¬ 
amide  levels  on  8-Gy  irradiation.  Although  LNCaP  cells  are  highly  resis¬ 
tant  to  y-irradiation-induced  apoptosis,  they  are  sensitive  to  the  death- 
inducing  effects  of  tumor  necrosis  factor  a,  which  also  increases  ceramide 
levels  in  these  cells  (K.  Kimura  et  «/.,  Cancer  Res.,  59:  1606-1614,  1999). 
Moreover,  we  found  that  although  irradiation  alone  did  not  increase 
sphingosine  levels  in  LNCaP  cells,  tumor  necrosis  factor  a  plus  irradiation 
induced  significantly  higher  sphingosine  levels  and  markedly  reduced 
intracellular  levels  of  sphingosinc-l-phosphate.  The  elevation  of  sphingo¬ 
sine  levels  either  by  exogenous  sphingosine  or  by  treatment  with  the 
sphingosine  kinase  inhibitor  7V,A-dimethylsphingosine  induced  apoptosis 
and  also  sensitized  LNCaP  cells  to  y-irradiation-induccd  apoptosis.  Our 
data  suggest  that  the  relative  levels  of  sphingolipid  metabolites  may  play 
a  role  in  determining  the  radiosensitivity  of  prostate  cancer  cells,  and  that 
the  enhancement  of  ceramide  and  sphingosine  generation  could  be  of 
therapeutic  value. 

INTRODUCTION 

Prostate  cancer  is  the  most  common  malignancy  and  the  second 
leading  cause  of  cancer  deaths  in  men  (1).  Radiation  therapy  that 
causes  growth  inhibition  and  apoptosis  is  often  used  for  treatment  of 
both  primary  and  metastatic  prostate  cancer.  However,  despite  using 
high  doses  of  radiation,  about  20-25%  of  prostate  cancer  patients  with 
noninvasive  disease  (stages  TrT2)  relapse.  A  major  reason  for  failure 
to  eradicate  local  disease  is  the  intrinsic  radioresistance  of  the  tumors. 
Ionizing  radiation  mediates  cell  death,  in  part,  through  chromosomal 
damage  and  also  by  the  induction  of  apoptosis.  Although  apoptosis 
seems  to  be  less  prevalent  than  clonogenic  cell  death,  one  mechanism 
by  which  cancer  cells  become  resistant  to  radiation  or  chemotherapy 
is  by  the  disruption  of  pathways  leading  to  apoptosis. 

Abundant  evidence  suggests  that  the  sphingolipid  metabolite,  cer¬ 
amide,  is  a  critical  component  of  ionizing  radiation-induced  apoptosis 
(2-5).  This  apoptotic  pathway  is  initiated  by  hydrolysis  of  sphingo- 
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myelin,  a  membrane  lipid,  attributable  to  the  activation  of  sphingo¬ 
myelin-specific  forms  of  phospholipase  C,  termed  sphingomyelinases 
SMases,3  to  generate  ceramide.  Ceramide,  in  turn,  can  activate  several 
pathways  important  for  the  induction  of  apoptosis  (reviewed  in  Refs. 
6,  7).  Both  neutral  and  acidic  SMases,  distinguishable  by  their  pH 
optima,  have  been  reported  to  be  involved  in  the  induction  of  apo¬ 
ptosis  after  ionizing  radiation  (reviewed  in  Refs.  8,  9).  Acidic  SMase 
may  play  an  essential  role  in  radiation-induced  apoptosis  because 
lymphocytes  from  individuals  with  Niemann-Pick  disease  (who  have 
an  inherited  deficiency  of  acidic  SMase)  and  from  acidic  SMase- 
deficient  mice,  do  not  generate  ceramide  and  have  defective  apoptotic 
responses  to  ionizing  radiation  (4).  These  deficits  are  reversible  on 
restoration  of  acidic  SMase  activity,  which  further  substantiates  the 
obligatory  role  for  ceramide  generation  in  these  apoptotic  responses. 
However,  ionizing  radiation-triggered  apoptosis  of  sensitive,  but  not 
resistant,  human  myeloid  leukemic  cell  lines  correlated  with  sphin¬ 
gomyelin  hydrolysis  and  ceramide  generation  through  activation  of 
neutral,  but  not  acidic,  SMase  (10).  Similarly,  loss  of  ceramide  pro¬ 
duction  from  a  neutral  SMase  confers  resistance  to  radiation-induced 
apoptosis  of  lymphocytes  (5).  Moreover,  depletion  of  glutathione,  an 
endogenous  inhibitor  of  neutral  SMase  (11),  may  also  contribute  to  its 
activation,  because  glutathione  depletion  occurs  in  a  variety  of  cells 
during  radiation-induced  apoptosis  (12,  13).  In  addition,  it  has  been 
suggested  that  de  novo  synthesis  of  ceramide  as  a  result  of  increased 
ceramide  synthase  activity  may  also  be  involved  in  apoptosis  (14), 
particularly  in  radiation-insensitive  LNCaP  prostate  cancer  cells  that 
are  induced  to  die  by  the  phorbol  ester  PMA  (15).  LNCaP  cells 
express  androgen  receptor,  and  their  growth  is  increased  by  androgen. 
However,  because  they  do  not  undergo  apoptosis  after  androgen 
withdrawal,  these  cells  can  be  used  as  an  in  vitro  model  to  study 
strategies  for  treating  prostate  cancers  that  are  resistant  to  androgen 
ablation.  LNCaP  cells  are  highly  resistant  to  apoptosis  induced  by 
y-irradiation,  although  somewhat  sensitive  to  the  death-inducing  ef¬ 
fects  of  TNF-a.  Recently,  wre  have  shown  that  TNF-a  sensitizes 
LNCaP  cells  to  y-irradiation-induced  apoptosis  by  elevating  ceramide 
levels  (16).  Moreover,  exogenous  C2-cer  also  sensitized  LNCaP  cells 
to  irradiation,  which  lends  further  support  to  the  notion  that  ceramide 
generation  might  be  important  for  radiation-induced  apoptosis  in 
human  prostate  cancer. 

One  metabolite  of  ceramide,  sphingosine,  formed  by  ceramidase,  has 
also  been  implicated  in  cell  growth  arrest  and  apoptosis.  Sphingosine  is 
rapidly  produced  during  TNF-a-mediated  apoptosis  in  human  neutro¬ 
phils  (17)  and  cardiac  myocytes  (18).  Recently,  it  has  been  shown  that 
sphingosine  and  other  long-chain  sphingoid  bases  induce  apoptosis  in 
hepatoma  cells  by  the  activation  of  caspase-3-like  proteases  (19).  More¬ 
over,  in  androgen-independent  human  prostatic  carcinoma  DU- 145  cells 
that  express  bcl-Xi ,  sphingosine  but  not  its  metabolites  induced  apoptosis 
by  down-regulation  of  bcl-XL,  independently  of  PKC  inhibition  (20).  In 
contrast  to  the  growth-suppressing  and  pro-apoptotic  roles  of  ceramide 


1  The  abbreviations  used  arc:  SMase.  sphingomyelinase;  TNF-«,  tumor  necrosis  factor 
a;  C2-ccr.  C2 -ceramide  (/V-acctylsphingosinc):  1MEM,  Richter’s  improved  minimal  es¬ 
sential  medium;  1SEL,  in  situ  end  labeling;  PKC,  protein  kinase  C;  SPP,  sphingosine- 1  - 
phosphate:  DMS,  A/,A'-dimct  hy  Isphi n gosine ;  PMA,  phorbol  12-myristate  13-acetate; 
PARP.  poly(ADP-ribose)  polymerase;  FBI,  fumonisin  Bl. 
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and  sphingosine,  SPP,  formed  from  sphingosine  by  activation  of  sphin- 
gosine  kinase  (21),  has  been  implicated  in  cellular  proliferation  and 
survival  induced  by  platelet-derived  growth  factor,  serum,  nerve  growth 
factor,  and  vitamin  D3,  and  protects  cells  from  apoptosis  resulting  from 
elevations  of  ceramide  (22-26).  In  this  report,  we  examined  the  role  of 
ceramide,  sphingosine,  and  sphingosine  kinase  in  the  sensitization  of 
radio-resistant  LNCaP  prostate  cells  to  y-irradiation- induced  apoptosis. 

MATERIALS  AND  METHODS 

Materials.  Human  TNF-a  and  poly-D-lysine  were  purchased  from  Boeh- 
ringer  Mannheim  (Indianapolis,  IN).  Staphylococcus  aureus  SMase  and  FBI 
were  purchased  from  Sigma  (St,  Louis,  MO).  Sphingosine  and  DMS  were  from 
Biomol  Laboratories  (Plymouth  Meeting.  PA).  Escherichia  coli  diacylglycerol 
kinase  was  from  Calbiochcm  (La  Jolla,  CA).  Insulin/tranfemn/selenium  was 
from  Biofluids  (Rockville,  MD). 

Cell  Culture.  LNCaP  and  TSU-Prl  human  prostate  cancer  cells  were 
maintained  at  37°C  in  1MEM  (Life  Technologies,  Gaithersburg,  MD)  supple¬ 
mented  with  5%  fetal  bovine  serum  (27).  LNCaP  cells  were  plated  on  poly- 
D-ly sine-coated  dishes  and  grown  for  5  days.  Twenty-four  h  before  treatment, 
cells  were  starved  in  serum-free  IMEM  medium  without  phenol  red,  supple¬ 
mented  with  insulin  (5  /xghnl),  transferrin  (5  jxg/ml),  and  selenium  (5  ng/ml). 
Cells  were  treated  as  indicated  without  or  with  y-irradiation  (8  Gy),  using  a  JL 
Shepherd  Mark  1  Irradiator  [l37Cs]  source  with  a  dose  rate  of  209  cGy/min. 

Apoptosis  Measurement.  ISEL  was  used  to  determine  the  extent  of  ap¬ 
optosis  as  described  previously  (27).  In  some  experiments,  apoptotic  morphol¬ 
ogy  was  also  examined  by  staining  cells  with  Hoechst  33258  (Calbiochem,  San 
Diego,  CA)  as  previously  described  (24).  At  least  500  cells  were  scored  to 
calculate  the  percentage  of  apoptotic  cells. 

Extraction  of  Lipids.  Cells  were  harvested  in  1  ml  of  25  m.vt  HC1/ 
methanol,  and  lipids  were  extracted  with  2  ml  of  chloroform/1  m  NaCl  (1:1, 
v/v)  plus  100  3n  NaOH  for  the  extraction  of  SPP  and  phases  separated. 
Phospholipid,  ceramide,  and  sphingosine  levels  were  determined  in  aliquots  of 
the  organic  layer,  whereas  SPP  levels  were  determined  from  aqueous  phase 
extracts  (23). 

Measurement  of  Total  Cellular  Phospholipids.  Total  phospholipids  in 
cellular  lipid  extracts  were  quantified  as  described  previously  (28). 

Measurements  of  Ceramide,  Sphingosine,  and  SPP  Levels.  Mass 
amounts  of  ceramide  and  sphingosine  in  cellular  extracts  were  measured  by  the 
diacylglycerol  kinase  and  sphingosine  kinase  enzymatic  methods,  respectively, 
exactly  as  described  previously  (23).  Labeled  ceramide- 1 -phosphate  and  SPP 
were  resolved  by  TLC  with  chloroform/acetone/methanol/acetic  acidAvater 
(10:4:3:2:1)  and  quantified  with  a  Molecular  Dynamics  Storm  phosphoimager 
(Sunnyvale,  CA).  SPP  levels  were  measured  essentially  as  described  previ¬ 
ously  (29).  Briefly,  500  p\  of  buffer  A  [200  mM  Tris-HCi  (pH  7.4),  75  niM 
MgCL  in  2  m  glycine  (pH  9.0)]  and  50  units  of  alkaline  phosphatase  were 
added  to  the  aqueous  phase  containing  extracted  SPP.  After  incubating  1  h  at 
37°C,  50  p\  concentrated  HC1  were  added,  and  sphingosine  was  extracted  and 
quantitated  with  sphingosine  kinase  as  described  previously  (29).  For  each 
experiment,  known  amounts  of  SPP  were  used  to  generate  a  standard  curve. 

Sphingosine  Kinase  Activity.  Cells  were  harvested  in  buffer  B  [20  mM 
Tris  (pH  7.4),  20%  glycerol,  l  niM  mercaptoethanol,  1  mw  EDTA,  1  mM 
sodium  orthovanadate,  40  mM  -glycerophosphate,  0.5  mM  4-deoxypyridoxine, 
15  mM  NaF.  10  (x g/ml  leupeptin,  10  /ig/ml  aprotinin  and  1  mM  phenylmeth- 
yisulfony!  fluoride]  and  lysed  by  freeze-thawing.  Supernatants  were  collected 
after  centrifugation  at  100,000  x  g  for  30  min  at  4°C.  Cytosolic  sphingosine 
kinase  activity  was  determined  as  described  previously  (23). 

Immunoblotting.  Cells  were  harvested  in  buffer  C  [10  mM  HEPES-KOH 
(pH  7.4),  2  mw  EDTA,  0.1%  (w/v)  CHAPS,  5  mM  DTT,  1  mM  phenylmeth- 
ylsulfonyl  fluoride.  10  /xg/m]  pepstatin  A,  10  p,g/ml  aprotinin,  and  20  fxg/ml 
leupeptin]  and  Western  blotting  was  carried  out  as  described  previously  (24). 
Clone  7D3-6  mouse  monoclonal  anti-PARP  (PharMingen,  San  Diego,  CA; 
0.5  /xg/ml),  rabbit  polyclonal  anti-caspase-7  (Oncogene,  Cambridge,  MA;  2.5 
/xg/ml),  rabbit  anti-caspase-3  (gift  of  Dr.  Donald  Nicholson),  and  mouse 
anti-caspase-8  (gift  of  Dr.  Markus  Peter),  were  used  as  primary  antibodies. 
Proteins  were  visualized  with  SupcrSignal-enhanced  chemiluminescent  rea¬ 
gent  (Pierce,  Rockford,  IL)  using  antirabbit  or  antimouse  horseradish  peroxi¬ 
dase-conjugated  IgG  (Bio-Rad). 


RESULTS 

Sphingomyelinase  Treatment  Sensitizes  LNCaP  Cells  to  y-Ir- 
radiation-induced  Apoptosis.  Previously,  we  have  shown  that  treat¬ 
ment  with  C2-cer  synergizes  with  y-irradiation  to  induce  cell  death  in 
LNCaP  cells  (16).  In  agreement,  we  have  found  that  increasing 
endogenous  long-chain  ceramide  levels  in  LNCaP  cells  by  pretreat¬ 
ment  with  SMase  induces  apoptosis  and  sensitizes  the  cells  to  a  dose 
of  y-irradiation  (8  Gy)  sufficient  to  trigger  apoptosis  of  TSU-Prl  but 
not  of  LNCaP  cells  (Fig.  1).  Apoptosis  increased  in  a  time-dependent 
manner,  and  at  least  48  h  were  required  for  significant  cell  death.  To 
confirm  the  induction  of  apoptosis,  we  also  examined  DNA  fragmen¬ 
tation  and  nuclear  condensation  by  staining  with  the  DNA-specific 
fluorochrome  bisbenzimide  (Hoechst  33258).  Substantially  more 
DNA  ladder  formation  and  fragmented  nuclei  were  seen  after  72  h 
than  after  48  h  (data  not  shown). 

To  examine  whether  there  was  a  correlation  between  ceramide 
levels  and  radiation  sensitivity,  we  measured  changes  in  ceramide 
levels  after  irradiation  of  these  two  cell  lines.  Exposure  of  radiation- 
sensitive  TSU-Prl  cells  to  8  Gy  irradiation  led  to  acute,  but  small, 
increases  in  ceramide  levels  within  30  min,  followed  by  a  sustained 
elevation  in  ceramide  12  h  after  irradiation,  which  reached  a  3-fold 
increase  by  48  h  (Fig.  2 A).  This  generation  of  ceramide  preceded  the 
appearance  of  nuclear  fragmentation  that  was  evident  only  after  48  h 
(Fig.  1).  In  contrast,  ceramide  levels  did  not  change  in  radio-resistant 
LNCaP  cells  (Fig.  2 A).  In  addition,  irradiation  induced  a  rapid  and 
sustained  decrease  in  sphingosine  kinase  activity  in  TSU-Prl  cells  but 
not  in  LNCaP  cells  (Fig.  2 B).  A  surge  in  sphingosine  levels  was 
detected  in  TSU-Prl  cells  in  correspondence  with  the  inhibition  of 
sphingosine  kinase  (Fig.  2 Q.  SPP  levels  in  the  radiosensitive  TSU- 
Prl  cells  were  below  the  detection  limit  (<0.01  pmol/nmol  phospho¬ 
lipid),  and  we  were,  thus,  unable  to  detect  any  increases  after  irradi¬ 
ation.  Interestingly,  levels  of  SPP  in  TSU-Prl  cells  were  much  lower 
than  in  LNCaP  cells  (0.12  pmol/nmol  phospholipid),  which  are  more 
resistant  to  y-radiation.  Thus,  there  seems  to  be  a  reciprocal  relation¬ 
ship  between  ceramide/sphingosine  and  sphingosine  kinase  in  radia¬ 
tion-sensitive  prostate  cancer  cells. 

Sphingosine  Generation  in  Apoptosis-sensitized  LNCaP  Cells. 
Because  it  has  been  suggested  that  sphingosine,  a  breakdown  product 
of  ceramide,  might  also  be  a  mediator  of  programmed  cell  death  (19), 
it  was  of  interest  to  determine  whether  sphingosine  could  be  involved 
in  the  sensitization  of  LNCaP  cells  to  apoptosis  that  was  induced  by 
irradiation.  Treatment  with  bacterial  SMase,  which  markedly  sensi¬ 
tizes  these  cells  to  radiation  (Fig.  I ),  as  expected,  induced  a  rapid  4- 
to  5-fold  elevation  in  ceramide  levels,  which  remained  elevated  at 
24  h  and  declined  thereafter  (Fig.  3 A).  Interestingly,  SMase  treatment 


Time  (h) 

Fig.  1.  Effect  of  y-irradiation  and  sphingomyelinase  on  apoptosis  in  prostate  cancer 
cells.  LNCaP  (■.  A.  •)  and  TSU-Pril  (□)  cells  (1.5  X  I04  per  well)  were  seeded  in 
6 -well  plates  coated  with  poly-D-lysine  and  grown  until  —40%  confluent.  Cells  were 
treated  without  (Q  ■)  or  with  100  mU/ml  SMase  (A.  •)  for  1  h  and  then  irradiated  with 
8  Gy  (□.  ■,  A)  as  indicated.  Apoptotic  cells  were  assayed  by  ISEL  at  the  indicated  times, 
as  described  in  “Materials  and  Methods.’'  Results  are  means  ±  SD  of  triplicate  determi¬ 
nations  from  one  of  three  representative  experiments.  A.  LNCap  (SMase  +  8  Gy);  □, 
TSU-Prl  (8  Gy);  •,  LNCap  (SMase);  ■,  LNCap  (8  Gy). 
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y-irradiation  (Fig.  5 B),  although  in  agreement  with  a  recent  study 
(15),  it  almost  completely  blocked  the  increase  in  PMA~induced 
apoptosis  in  LNCaP  cells.  These  results  suggest  that  the  de  novo 
ceramide  generation  pathway  does  not  play  a  role  in  the  apoptosis  that 
is  induced  by  TNF-a  and  y- irradiation.  The  increase  in  ceramide 
preceded  that  of  sphingosine,  which  suggested  that  sphingosine  might 
arise  froirf  ceram idase-cataiyzed  metabolism  of  ceramide.  This  is  a 


Fig.  2.  7- Irradiation-induced  ceramide  elevation  and  decreased  sphingosine  kinase 
activity  in  TSU-Pril  but  not  in  LNCaP  cells.  LNCaP  cells  (■)  or  TSU-Pri  1  cells  (□)  were 
seeded  at  2  X  10s  per  well  and  grown  in  10-cm  dishes.  At  the  indicated  time  after 
exposure  to  8  Gy  of  irradiation,  ceramide  levels  (A),  sphingosine  kinase  activity  (/?),  and 
sphingosine  levels  (C,  □)  were  measured  as  described  in  ‘‘Materials  and  Methods." 
Results  are  means  ±  SD  of  triplicate  determinations  from  a  representative  experiment  and 
arc  expressed  as  fold-changes  relative  to  zero  time.  The  basal  sphingosine  level  in 
TSU-Pri  cells  was  0.23  ±  0.07  pmol/nmol  phospholipid.  Similar  results  were  found  in 
three  independent  experiments.  However,  the  small  acute  ceramide  increase  at  30  min 
observed  in  A  was  not  statistically  significant. 


0.5  h  1  h  24  h  48  h 

Fig.  3.  Changes  in  ceramide  and  sphingosine  levels  after  y-irradiation  of  sphingomy¬ 
elinase-treated  LNCaP  cells.  Cells  were  seeded  and  grown  as  described  in  Fig.  2  and 
treated  without  or  with  SMase  (100  mU/ml;  9)  and  then  irradiated  with  8  Gy  as  indicated 
(□).  At  the  indicated  times,  ceramide,  sphingosine,  and  phospholipid  levels  were  deter¬ 
mined  as  described  in  “Materials  and  Methods.”  Data  are  expressed  as  fold-increases 
relative  to  untreated  controls,  and  arc  means  ±  SD  of  triplicate  determinations  from  a 
representative  experiment. 


also  increased  intracellular  sphingosine  after  24  h  (Fig.  3i?).  It  is  likely 
that  this  increase  in  sphingosine  results  from  degradation  of  ceramide, 
inasmuch  as  the  ceramide  increase  preceded  that  of  sphingosine.  It 
should  be  pointed  out  that  the  elevation  of  these  two  sphingolipid 
metabolites  precedes  the  onset  of  apoptosis  (Fig.  1).  As  previously 
shown  (16),  we  found  that  TNF-a  also  sensitized  LNCaP  cells  to 
irradiation  with  a  concomitant  increase  in  ceramide  levels  (Fig.  4A 
and  5A).  Although  irradiation  alone  did  not  increase  sphingosine 
levels  in  LNCaP  cells,  irradiation  together  with  TNF-a  induced 
significantly  higher  sphingosine  levels  than  TNF-a  alone  (Fig.  4 B). 
The  increase  in  sphingosine  was  detected  24  h  after  treatment,  co¬ 
inciding  with  elevation  in  ceramide  levels  and  preceding  nuclear 
fragmentation  that  was  evident  48  h  after  treatment  (16).  In  LNCaP 
cells  that  were  sensitized  to  die  by  irradiation  and  TNF-a,  there  was 
a  marked  decrease  in  SPP  levels  48  h  after  treatment,  whereas  no 
significant  changes  in  SPP  levels  were  detected  in  cells  treated  with 
y-irradiation  alone  (Fig.  40-  It  should  be  noted  that  SPP  levels 
in  LNCaP  cells  (0.12  ±  0.01  pmol/nmol  phospholipid)  are  greater 
than  in  other  normal  and  cancer  cells  (29),  including  HL60  cells 
(0.01  ±  0.001  pmol/nmol  phospholipid),  PC  1 2  pheochromocytoma 
cells  (0.02  ±  0.001  pmol/nmol  phospholipid),  and  human  breast 
cancer  MCF7  cells  (0.05  ±  0.001  pmol/nmol  phospholipid),  which 
might  explain  the  high  resistance  of  LNCaP  cells  to  apoptotic  stimuli. 

De  novo  synthesis  of  ceramide  has  been  implicated  in  the  apoptosis 
of  LNCaP  cells  induced  by  treatment  with  phorbol  ester  (15).  Thus,  it 
was  of  interest  to  examine  whether  the  increased  ceramide  levels  was 
attributable  to  stimulation  of  ceramide  synthase.  The  mycotoxin,  FB 1 , 
a  known  inhibitor  of  ceramide  synthase,  alone  did  not  induce  apo¬ 
ptosis,  nor  did  it  affect  the  extent  of  apoptosis  induced  by  TNF  and 
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Fig.  4.  Changes  in  levels  of  the  sphingolipid  metabolites  ceramide.  sphingosine,  and 
SPP  after  treatment  of  LNCaP  cells  with  y-irradiation  and  TNF-a.  Cells  were  seeded  and 
grown  as  described  in  Fig.  2.  Cells  were  treated  without  (control)  or  with  TNF-«  (100 
ng/nil)  for  1  h  before  irradiation  with  8  Gy  as  indicated.  Ceramide  (.4).  sphingosine  (#), 
SPP  (C),  and  phospholipid  levels  were  measured  after  6,  24,  and  48  h  as  described  in 
“Materials  and  Methods.”  Results  arc  means  ±  SD  of  triplicate  determinations  from  a 
representative  experiment  and  are  expressed  as  fold-changes  relative  to  control.  Levels  of 
ceramide.  sphingosine,  and  SPP  in  untreated  LNCaP  cells  were  19  ±  2,  0.23  ±  0.03,  and 
0.29  ±  0.06  pmol/nmol  phospholipid,  respectively.  §§,  control;  □.  y  radiation  (8  Gy);  ■, 
TNF-a;  CL  TNF-a  +  8  Gy. 


4470 


SPHINGOSINE  AND  RADIATION-INDUCED  APOPTOSIS 


Fig.  5.  Effect  of  FBI  on  TNF-a  and  y-irradiation-mduccd  apoptosis.  In  A.  cells  were 
treated  without  (■)  or  with  100  ng/inl  TNF-ar  (A,  O)  followed  by  irradiation  (A.  ■}.  and 
apoptosis  was  assayed  by  ISEL  at  the  indicated  times.  A,  TNF-a  +  8  Gy;  O.  TNF-a:  ■. 
y  radiation  (8  Gy);  A,  control.  B,  cells  were  treated  with  the  indicated  concentrations  of 
FBI  in  the  absence  or  presence  of  TNF-a  and/or  8  Gy  irradiation  as  indicated,  and 
apoptosis  was  determined  after  72  h.  □,  0  /am  FBI:  K.  50  /am  FBI;  ■.  100  /am  FBI; 
□,  150  /am  FBI.  Inset .  the  effect  of  FBI  (100  /xg/ml)  on  PMA-induced  apoptosis  4S  h 
after  treatment. 


apoptosis  induced  by  sphingosine  or  DMS  in  HL-60  (35)  and  Hep3B 
hepatoma  cells  ( 1 9),  which  suggests  that  a  protease  of  the  caspase-3 
subfamily  is  activated.  Thus,  we  examined  whether  elevation  of 
sphingosine  resulted  in  the  activation  of  caspases-3  and  -7,  which 
drive  the  effector  phase  of  apoptosis  by  cleaving  key  proteins,  par¬ 
ticularly  the  DNA  repair  enzyme  PARP.  As  previously  shown  (16), 
treatment  with  30  n.M  okadaic  acid  for  48  h  resulted  in  apoptosis  and 
PARP  cleavage  in  LNCaP  cells  (Fig.  8).  In  agreement  with  our 
previous  studies  (16),  when  compared  with  okadaic  acid,  sphingolipid 
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likely  possibility  because  sphingosine  is  not  synthesized  de  novo ,  and 
can  only  be  produced  from  ceramide  (30,  3 1).  However,  A-oleoyleth- 
anolamine,  a  proposed  acidic  ceramidase  inhibitor  (32),  by  itself,  even 
at  a  relatively  low  concentration  (0. 1  him),  markedly  induced  LNCaP 
cell  death.  It  should  be  pointed  out  that  JV-oleoylethanolamine  may  not 
be  a  specific  acidic  ceramidase  because  it  did  not  inhibit  acidic 
ceramidase  activity  in  an  in  vitro  assay. 

Sphingosine  and  DMS  Sensitize  LNCaP  Cells  to  y-Irradiation- 
induced  Apoptosis.  Sphingosine,  but  not  ceramide,  induced  apopto¬ 
sis  of  the  androgen-independent  human  prostatic  carcinoma  cell  line 
DU- 145  (17,  20).  To  further  examine  whether  sphingosine  generation 
might  also  be  important  to  sensitize  LNCaP  cells  to  irradiation,  we 
used  exogenously  added  sphingosine,  which  is  efficiently  taken  up  by 
cells.  Significant  apoptosis  was  induced  by  treatment  with  20  /am 
sphingosine  that  was  detectable  only  after  72  h  (Fig.  6).  Sphingosine 
also  markedly  sensitized  LNCaP  cells  to  y-radiation  in  a  dose-depen¬ 
dent  manner  (Fig.  6),  which  was  evident  even  at  48  h.  After  irradiation 
in  the  presence  of  20  /am  sphingosine,  most  (>60%)  of  the  cells  were 
apoptotic  by  72  h. 

Another  means  to  increase  sphingosine  levels  is  by  the  inhibition  of 
sphingosine  kinase.  Recently,  we  (33)  and  others  (34)  have  shown  that 
DMS  is  a  specific  competitive  inhibitor  of  sphingosine  kinase  which 
is  effective  at  concentrations  that  do  not  inhibit  PKC.  DMS,  at 
concentrations  of  10  and  20  /am,  induced  20  and  60%  apoptosis, 
respectively,  after  72  h  (Fig.  7).  Moreover,  DMS  also  sensitized 
LNCaP  cells  to  apoptosis  induced  by  y-irradiation  in  a  dose-depen¬ 
dent  manner. 

Activation  of  Caspases  in  Sphingosine  and  DMS-induced  Sen¬ 
sitization  of  LNCaP  Cells  to  y-Irradiation.  The  broad-specificity 
tetrapeptide  caspase  inhibitor  z-VAD-fluoromethy!  ketone  blocks 


Fig.  6.  Sphingosine  sensitizes  LNCaP  cells  to  y-irradial ion-induced  apoptosis.  LNC’aP 
cells  were  treated  without  or  with  the  indicated  concentrations  of  sphingosine  for  1  h  and 
then  either  not  irradiated  (□)  or  irradiated  with  8  Gy  (0).  Apoptotic  cells  were  assayed 
by  ISEL  at  the  indicated  times.  Data  arc  means  ±  SD  of  triplicate  determinations  from  one 
of  three  representative  experiments. 
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Fig.  7.  The  sphingosine  kinase  inhibitor.  DMS,  induces  apoptosis  and  sensitizes 
LNCaP  cells  to  y-irradiation-induced  apoptosis,  LNCaP  cells  were  treated  without  or  with 
the  indicated  concentrations  of  DMS  for  1  h  and  then  either  not  irradiated  (22)  or 
irradiated  with  8  Gy  (■).  Apoptotic  cells  were  assayed  by  ISEL  at  the  indicated  times. 
Data  arc  means  ±  SD  of  triplicate  determinations  from  one  of  three  representative 
experiments. 
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Fig.  8.  Cleavage  of  PARP  and  caspasc-7  in  Y-irracliatcd  LNCaP  cells  treated  with 
sphingosine  or  DMS.  LNCaP  cells  were  treated  for  72  h  with  20  /xvi  sphingosinc  (Sph)  or 
10  p.M  DMS  without  or  with  8  Gy  -y-irradiation.  Cell  lysates  were  prepared  and  equal 
amounts  of  proteins  were  immunoblotted  with  anti-PARP,  anti-caspase-7,  anli-caspase-3. 
or  anti-caspase-8  antibodies  after  separation  by  SDS-PAGE  (10%  SDS  gels  for  PARP 
and  15%  for  the  others).  Arrowheads,  the  migration  of  full-length  PARP.  caspase-3. 
and  caspasc-8.  Left,  PARP  cleavage  product  ( Mr  89,000).  the  large  active  subunits  of 
caspasc-7  {Mr  20,000),  caspase-3  (A/r  20,000),  and  caspase-8  (Mr  18,000).  and  the 
intermediate  cleavage  fragment  of  caspase-8  (A/r  43.000).  Lysate  from  LNCaP  cells 
treated  with  okadnic  acid  (30  n\t)  for  48  h  served  as  positive  control  for  cleavage  of  PARP, 
caspasc-7,  and  caspasc-3.  H9  T  cells  treated  with  anti-Fas  antibody  (50  ng/ml)  for  24  h 
were  used  as  a  positive  control  for  caspase-8  processing.  Similar  results  were  obtained  in 
three  independent  experiments. 


metabolites  were  less  effective  in  inducing  PARP  cleavage,  even  in 
the  presence  of  radiation.  Barely  detectable  PARP  cleavage  was  seen 
after  cells  were  exposed  to  sphingosine  alone  at  20  /am,  a  concentra¬ 
tion  that  induced  30%  apoptosis  at  72  h  (Fig.  6).  PARP  cleavage 
activity  was  increased  in  cells  treated  with  sphingosine  and  8  Gy 
irradiation  after  72  h  (Fig.  8),  in  agreement  with  the  enhanced  apo¬ 
ptosis.  Interestingly,  DMS  alone  was  able  to  induce  PARP  cleavage  in 
LNCaP  cells  without  irradiation  (Fig.  8),  in  agreement  with  its  ability 
to  induce  apoptosis.  Proteolytic  processing  of  procaspases-3  and  -7 
was  examined  by  Western  blotting  using  antisera  specific  for 
caspase-3  and  the  active  p20  caspase-7  subunit,  respectively  (Fig.  8). 
In  agreement  with  our  previous  study  (16),  the  procaspases-3  and  -7 
were  cleaved  into  their  active  forms  after  treatment  with  okadaic  acid, 
whereas  no  significant  activation  of  caspase-3  could  be  detected  in 
extracts  from  irradiated  cells  treated  with  sphingosine  or  DMS  (Fig. 
8).  However,  the  activation  of  caspase-7  in  the  presence  of  sphingo¬ 
sine  and  DMS,  especially  after  irradiation,  was  detected  by  the  ap¬ 
pearance  of  the  Mr  20,000  large  subunit  (Fig.  8).  In  contrast,  no 
activation  of  the  initiator  caspase-8  could  be  detected  after  treatment 
with  sphingosine  or  DMS,  in  the  absence  or  presence  of  irradiation 
(Fig.  8). 

DISCUSSION 

Recently,  we  and  others  (6,  7,  36)  have  suggested  that  the  sph  in  - 
golipid  metabolites,  ceramide  and  sphingosine,  provide  proapoptotic 
signals,  and  an  additional  metabolite,  SPP,  promotes  cell  survival  and 
suppresses  apoptosis.  Dysregulation  of  this  sphingolipid  biostat  may 
be  important  in  the  acquisition  of  malignant  phenotypes  and  radio¬ 


resistance  in  which  transformed  cells  can  circumvent  existing  apo- 
ptotic  mechanisms  that  would  normally  target  the  destruction  of  these 
cells.  Thus,  resetting  this  biostat  could  potentially  be  used  to  enhance 
apoptosis  and  overcome  resistance  to  radiation  or  androgen  ablation. 

Previously,  it  has  been  suggested  that  LNCaP  cells  are  highly 
resistant  to  induction  of  apoptosis  by  y-irradiation  attributable  in  part 
to  a  defect  in  ceramide  generation  (15,  16).  Likewise,  resistance  to 
apoptosis  involves  a  defect  in  ceramide  generation  in  the  PC 3  prostate 
cancer  cell  line  (37).  However,  radiation-induced  apoptosis  is  not 
solely  dependent  on  ceramide  signaling,  and  there  are  other  cerami de- 
independent  pathways  leading  to  apoptosis.  Although  in  LNCaP  cells, 
irradiation  did  not  result  in  ceramide  generation  or  apoptosis,  pretreat¬ 
ment  with  PMA  not  only  enhanced  radiation-induced  apoptosis,  but 
also  enabled  ceramide  generation  via  activation  of  ceramide  synthase 
(38).  In  agreement,  apoptosis  was  abrogated  by  FBI,  a  competitive 
inhibitor  of  ceramide  synthase.  Most  importantly,  when  transplanted 
orthotopically  into  the  prostate  of  nude  mice,  LNCaP  cells  produced 
tumors  that  showed  the  same  responses  to  PMA  and  radiation  therapy 
(38).  However,  apoptosis  induced  by  treatment  with  TNF  and  y- irra¬ 
diation  was  not  mediated  by  stimulation  of  de  novo  ceramide  synthe¬ 
sis.  Similarly,  apoptosis  in  LNCaP  cells  induced  by  the  topoisomerase 
1  inhibitor  camptothecin,  ceramide  generation  was  also  independent 
of  the  de  novo  pathway  (37). 

A  further  metabolite  of  ceramide,  sphingosine,  has  also  been  shown 
to  induce  apoptosis  of  androgen-independent  human  prostate  cancer 
cells  (20).  Indeed,  we  found  that  ceramide  production  after  TNF-a 
treatment  in  irradiated  LNCaP  cells  or  after  SMase  treatment  is 
followed  by  a  surge  in  sphingosine  that  precedes  caspase  activation 
and  the  onset  of  apoptosis.  Furthermore,  whereas  addition  of  exoge¬ 
nous  sphingosine  induced  modest  apoptosis  by  itself,  it  significantly 
sensitized  LNCaP  cells  to  y-irradiation.  Irradiation  of  TSU-Prl  cells, 
but  not  LNCaP  cells,  also  produced  a  marked  decrease  in  the  activity 
of  sphingosine  kinase,  the  enzyme  that  phosphorylates  sphingosine  to 
form  SPP,  with  a  corresponding  increase  in  sphingosine  levels.  In 
addition,  a  correlation  between  cell  death  and  decreased  SPP  levels 
was  observed  in  LNCaP  cells  treated  with  TNF-a  plus  y-irradiation. 
Interestingly,  SPP  levels  also  decreased  after  treatment  with  TNF-a 
alone,  which  induces  only  modest  elevations  of  sphingosine  and 
ceramide,  and  which  suggests  that  the  balance  between  these  sphin¬ 
golipid  metabolites  may  regulate  LNCaP  cell  survival.  These  results 
raise  the  possibility  that  the  individual  enzymes  in  sphingolipid 
metabolism  can  be  differentially  regulated.  In  agreement,  it  has  re¬ 
cently  been  shown  that  sphingosine  kinase  can  be  activated  independ¬ 
ently  of  sphingomyelinase  or  ceramidase  (39).  Furthermore,  inhibition 
of  sphingosine  kinase  by  DMS  blocked  the  increase  in  SPP,  induced 
apoptosis,  and  sensitized  prostate  cancer  cells  to  y-irradiation.  Thus, 
the  regulation  of  the  sphingolipid  biostat  may  also  have  important 
implications  for  the  treatment  of  prostate  cancer,  because  many  ther¬ 
apeutic  approaches  have  been  shown  to  cause  accumulation  of  cer¬ 
amide  and  sphingosine,  including  chemotherapy  and  ionizing  radia¬ 
tion  (6,  7,  36). 

Ceramide  generation  in  response  to  apoptotic  stimuli  is  complex  (6, 
7).  In  LNCaP  cells,  neither  SMase  nor  ceramide  synthase  are  activated 
after  irradiation  alone  (40).  In  agreement,  we  failed  to  detect  changes 
in  ceramide  levels  in  y-irradiated  LNCaP  cells  (Fig.  2  and  Ref.  16). 
However,  TNF-a  induced  an  ~2-fold  ceramide  elevation  that  was 
potentiated  by  irradiation.  TNF-a  recruitment  of  the  adaptor  protein 
FADD  is  required  for  stimulation  of  acidic  SMase  (41),  which  sug¬ 
gests  a  possible  mechanism  for  ceramide  generation  in  LNCaP  cells. 
Alternatively,  ceramide  can  be  generated  by  the  activation  of  cera- 
mide  synthase  as  has  been  shown  for  apoptosis  in  LNCaP  cells 
mediated  by  PKC  activation  induced  by  the  phorbol  ester  PMA  (15). 
Interestingly,  sphingosine,  which  has  been  shown  to  inhibit  PKC  in 
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several  types  of  cells  (30,  31),  triggers  apoptosis  in  LNCaP  cells,  thus 
excluding  the  possibility  that  sphingosine  is  acting  through  PKC 
inhibition  in  LNCaP  cells.  The  effects  of  TNF-a,  like  those  of  PMA, 
are  pleiotropic  (42).  TNF-a  has  a  pro-apoptotic  effect  in  numerous 
tumor  cells  or  virally  infected  cells,  whereas,  in  some  normal  cells, 
such  as  in  human  endothelial  cells,  TNF-a  is  not  cytotoxic.  A  recent 
study  demonstrated  that  in  these  cells,  TNF-a  simultaneously  and 
independently  regulated  sphingomyelinase  and  sphingosine  kinase 
activity,  which  leads  to  the  suggestion  that  the  balance  of  these  two 
antagonistic  biochemical  signaling  pathways  could  regulate  the  fate  of 
cells  in  response  to  TNF-a  stimulation  (39). 

Protease  inhibitor  studies  indicate  that  ceramide  and  sphingosine 
may  act  independently  to  induce  cell  death,  and  it  is  argued  that 
sphingosine  induces  activation  of  upstream  caspases  (19,  35).  How¬ 
ever,  ceramide  generated  by  upstream  caspases,  has  been  shown  to 
activate  additional  downstream  caspases  necessary  for  apoptosis  (6, 
43-47).  Moreover,  ceramide  could  also  induce  cell  death  by  a 
caspase-independent  pathway  (48).  We  found  that  caspase-7,  but  not 
caspase-3,  was  activated  in  sphingosine-sensitized  y-irradiation- 
induced  apoptosis  of  LNCaP  cells,  in  agreement  with  previous  reports 
suggesting  that  activation  of  caspase-7,  but  not  caspase-3,  is  an 
important  step  in  the  execution  of  apoptosis  in  LNCaP  cells  (49).  The 
fact  that  LNCaP  cell  lines  stably  overexpressing  crmA  are  resistant  to 
sphingolipid  induced-apoptosis4  may  place  crmA-inhibitable  caspases 
downstream  of  sphingolipid  metabolites.  Interestingly,  elevation  of 
ceramide  and/or  sphingosine  in  LNCaP  cells  only  had  a  modest  effect 
on  caspase  activation  (Ref.  16)  and  Fig.  7),  whereas  okadaic  acid 
induced  robust  activation  of  several  caspases  while  triggering  a  sim¬ 
ilar  extent  of  apoptosis  in  comparison  with  y-irradiation  combined 
with  TNF-a  or  with  sphingolipid  metabolites.  This  underscores  the 
specificity  of  the  apoptotic  response  to  different  stimuli  in  LNCaP 
cells  and  may  indicate  the  participation  of  other  death  proteases,  such 
as  serine  proteases,  that  cooperate  with  caspases  in  the  execution  of 
cell  death  (16,  50).  This  may  be  especially  important  for  sensitization 
of  radiation-induced  apoptosis  by  sphingosine  and  DMS,  because  they 
were  able  to  enhance  apoptosis  with  a  limited  degree  of  caspase 
activation. 

Different  caspases  are  known  to  be  activated  in  LNCaP  and  TSU- 
Prl  cells,  depending  on  the  apoptotic  stimuli.  In  LNCaP  cells, 
caspases-3,  -6,  -7,  and  -8  are  activated  after  okadaic  acid  treatment.  In 
contrast,  caspase-3  is  not  involved  in  TNF-a-  or  y-radiation-induced 
death  in  LNCaP  cells,  but  is  markedly  activated  in  TSU-Prl  cells. 
This  could  explain  the  fact  that  LNCaP  cells  are  highly  resistant  to 
radiation-induced  apoptosis  compared  with  TSU-Prl  cells  (16,  51). 
Recent  studies  have  demonstrated  that  caspase-7  and  -3  are  critical 
mediators  of  apoptosis  in  LNCaP  cells.  Moreover,  overexpression  of 
caspase-7  induced  apoptosis  even  in  LNCaP  cells  that  overexpressed 
the  oncoprotein  bcl-2  (51).  However,  in  addition  to  the  differential 
activation  of  unique  caspases  (16),  our  recent  study  suggests  the 
involvement  of  additional  cell-type  specific  signaling  events  in  pros¬ 
tate  cancer  cell  death,  including  activation  of  the  JNK/SAPK  pathway 
(27),  which  is  thought  to  be  involved  in  ceramide  (52)  and  sphin- 
gosine-induced  apoptosis  (53).  Interestingly,  expression  of  bcl-2  not 
only  protected  prostate  carcinoma  cells  against  the  induction  of 
apoptosis  by  exogenous  C2-cer  but  also  blocked  its  ability  to  activate 
JNK1,  which  indicated  that  bcl-2  functions  at  the  level  of  JNKT  or 
upstream  of  JNKl  in  the  ceramide/JNK  pathway  (54). 

Collectively,  our  results  suggest  that  ceramide  and  sphingosine 
generation,  together  with  the  inhibition  of  sphingosine  kinase,  are 
critical  components  in  radiation-induced  apoptosis  in  human  prostate 


cancer  cells.  Preventing  ceramide  and  sphingosine  generation  and/or 
stimulation  of  sphingosine  kinase  may  provide  a  selective  advantage 
in  the  development  of  radioresistance  of  prostate  tumors.  Therefore, 
development  of  agents  that  specifically  regulate  levels  of  sphingolipid 
metabolites  may  provide  new  tools  to  use  in  conjunction  with  radia¬ 
tion  therapy. 
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Abstract  Sphingosine  kinase  catalyzes  the  phosphorylation  of 
sphingosine  to  form  sphingosine  1-phosphate  (SPP),  a  novel  lipid 
mediator  with  both  intra-  and  extracellular  functions.  Based  on 
sequence  identity  to  murine  sphingosine  kinase  (mSPHKla),  we 
cloned  and  characterized  the  first  human  sphingosine  kinase 
(hSPHKl).  The  open  reading  frame  of  hSPHKl  encodes  a  384 
amino  acid  protein  with  85%  identity  and  92%  similarity  to 
mSPHKla  at  the  amino  acid  level.  Similar  to  mSPHKla,  when 
HEK293  cells  were  transfected  with  hSPHKl,  there  were 
marked  increases  in  sphingosine  kinase  activity  resulting  in 
elevated  SPP  levels.  hSPHKl  also  specifically  phosphorylated 
D-erythro- sphingosine  and  to  a  lesser  extent  sphinganine,  but  not 
other  lipids,  such  as  D,L-f/fn?0-dihydrosphingosine,  yV,/V-dimethyI- 
sphingosine,  diacylglycerol,  ceramide,  or  phosphatidylinositol. 
Northern  analysis  revealed  that  hSPHKl  was  widely  expressed 
with  highest  levels  in  adult  liver,  kidney,  heart  and  skeletal 
muscle.  Thus,  hSPHKl  belongs  to  a  highly  conserved  unique 
lipid  kinase  family  that  regulates  diverse  biological  functions. 

©  2000  Federation  of  European  Biochemical  Societies. 
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1.  Introduction 

The  metabolic  product  of  sphingosine  kinase  (SPHK), 
sphingosine  1 -phosphate  (SPP),  is  a  lipid  signaling  molecule 
that  acts  both  intra-  and  extraccllularly  to  affect  many  bio¬ 
logical  processes.  These  include  mitogcncsis  [1,2],  apoptosis 
[3],  atherosclerosis  [4]  and  inflammatory  responses  [5,6].  Spe¬ 
cific  members  of  the  EDG-1  family  of  G  protein-coupled  re¬ 
ceptors  bind  SPP  (reviewed  in  [7,8])  and  modulate  chemotaxis 
[9,10],  angiogenesis  [10-12],  ncurite  retraction  and  cell  round¬ 
ing  [13].  Because  SPP  levels  arc  mainly  regulated  by  the  ac¬ 
tivity  of  SPHK,  cloning  and  characterization  of  this  enzyme 
are  important  for  understanding  its  role  in  normal  and  patho- 
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logical  processes.  Previously,  we  purified  SPHK  to  homoge¬ 
neity  from  rat  kidneys  [14]  and  subsequently  identified  mouse 
cDNAs  encoding  two  forms  of  SPHK,  designated  mSPHKla 
and  mSPFIKlb,  whose  predicted  proteins  differ  by  only  10 
amino  acids  at  their  N -terminus  [15].  The  corresponding 
mRNAs  may  arise  by  alternative  splicing.  In  this  study,  se¬ 
quence  homologies  to  the  mSPHKla  cDNAs  were  used  to 
identify  and  clone  the  first  human  homologue,  hSPHKl. 
hSPHKl  is  ubiquitously  expressed  in  adult  tissues  with  high¬ 
est  levels  in  liver,  kidney,  lung  and  skeletal  muscle.  Our  results 
suggest  that  hSPHKl  belongs  to  a  family  of  highly  conserved 
enzymes  which  differ  from  other  known  lipid  kinases. 

2.  Materials  and  methods 

2.1.  Materials 

SPP,  sphingosine,  and  A\Ar-dimethylsphingosine  (DMS)  were  from 
Biomol  Research  Laboratory  Inc.  (Plymouth  Meeting,  PA).  All  other 
lipids  were  purchased  from  Avanti  Polar  Lipids  (Birmingham,  AL). 
[y-32P]ATP  (3000  Ci/mmol)  was  purchased  from  Amcrsham  (Arling¬ 
ton  Heights,  IL).  Polv-L-lysine  was  from  Boebringer  Mannheim  (In¬ 
dianapolis,  IN).  Alkaline  phosphatase  from  bovine  intestinal  mucosa, 
type  VII-NT,  was  from  Sigma  (St.  Louis,  MO).  Restriction  enzymes 
were  from  New  England  Biolabs  (Beverly,  MA).  Lipofectamine  Plus 
was  from  Life  Technologies  (Gaithersburg,  MD). 

2.2.  Human  sphingosine  kinase  cDNA  cloning 

BLAST  searches  using  mSPHKla  sequences  identified  an  EST 
clone  (AA026479)  which  contained  sequences  homologous  to  several 
conserved  domains  of  mSPHK  [15].  To  obtain  a  full-length  cDNA, 
the  5'-end  of  hSPHKl  was  extended  by  rapid  amplification  of  cDNA 
ends/polymerase  chain  reaction  (RACE-PCR;  Life  Technologies). 
First,  cDNA  was  synthesized  from  HEK293  poly(A)4  RNA  with  a 
gene-specific  antisense  primer  hspkl-GSPl  (5'-ACCATTGTCCAGT- 
GAG).  Then  two  consecutive  PCR  reactions  using  LA  Taq  (TaKaRa) 
were  performed.  First  PCR:  5'RACE  Abridged  Anchor  Primer  and 
the  antisense  primer  bspkl-GSP2  (5'-TTCCTACAGGGAGG- 
TAGGCC)  at  94°C  for  2  min  followed  by  30  cycles  of  amplification 
(94°C  for  1  min,  55°C  for  1  min,  72°C  for  2  min)  and  primer  exten¬ 
sion  at  72°C  for  5  min.  Second  PCR:  Abridged  Universal  Amplifica¬ 
tion  Primer  and  the  antisense  primer  hspkl-GSP3  (5'-GGCTGCCA- 
GACGCAGGAAGG)  using  a  program  similar  to  the  first  PCR  but 
with  annealing  at  65°C.  The  PCR  products  were  cloned  into  pCR  2.1 
(TA  Cloning,  Invitrogen)  and  sequences  confirmed  by  automated  se¬ 
quencing.  To  make  expression  constructs,  a  primer  set  was  designed 
as  follows:  sense  primer  containing  a  Kozak  sequence  and  ATG  start 
codon,  sphkl-GSP4  (5'-GCCACCATGGATCCAGCGGGCGGCC- 
CC);  antisense  primer,  sphkl-GSP5  (5'-TCATAAGGGCTCTTCTG- 
GCGGTGGCATCTG).  The  PCR  reaction  was  performed  using  hu¬ 
man  fetus  Marathon-Ready  cDNA  (Clontech)  as  template  with  the 
above  primers,  and  the  amplification  product  was  subcloned  into 
pCR3.I  (Eukaryotic  TA  Cloning,  Invitrogen).  In  addition,  hSPHKl 
was  tagged  at  the  N-terminus  by  subcloning  into  a  pcDNA-c-myc 
vector  [2]  using  high  fidelity  taq  polymerase  (Pfu,  Stratagene). 
hSPHKl  accession  number  is  AF238083. 
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2.3.  Cell  culture  and  expression  of  sphingosine  kinase 

Human  embryonic  kidney  cells  (HEK293,  ATCC  CRL-1573)  were 
grown  in  high  glucose  Dulbecco’s  modified  Eagle’s  medium  (DMEM) 
containing  100  U/ml  penicillin,  100  pg/ml  streptomycin  and  2  mM 
L*glutamine  supplemented  with  10%  fetal  bovine  serum  [15].  Cells 
were  transfected  with  either  pcDNA3.1  or  pCR3.1  containing 
hSPHKl  using  Lipofectamine  Plus  according  to  the  manufacturer’s 
protocol.  Transfection  efficiencies  were  typically  about  40%. 

2.4.  Measurement  of  sphingosine  kinase  activity 

Cytosolic  sphingosine  kinase  activity  was  determined  with  50  pM 
sphingosine,  dissolved  in  5%  Triton  X-100  (final  concentration 
0.25%),  and  [y-32P]ATP  (10  pCi,  1  mM)  containing  MgCb  (10  mM) 
as  previously  described  [15].  In  some  experiments,  sphingosine  was 
added  as  a  complex  with  bovine  serum  albumin  (BSA)  as  previously 
described  [15].  Specific  activity  is  expressed  as  pmol  SPP  formed  per 
min  per  mg  protein. 

2.5.  Lipid  extraction  and  measurement  of  SPP,  sphingosine,  and 
eer amide 

Cells  were  washed  with  phosphate  buffered  saline  and  scraped  in 
1  ml  of  methanol  containing  2.5  pi  concentrated  HC1.  Lipids  were 
extracted  by  adding  2  ml  chloroform/1  M  NaCl  (1:1,  v/v)  and  100  pi 
3  N  NaOH  and  phases  were  separated.  The  basic  aqueous  phase 
containing  SPP,  and  devoid  of  sphingosine,  ceramide,  and  the  major¬ 
ity  of  phospholipids,  was  transferred  to  a  siliconized  glass  tube.  The 
organic  phases  were  re-extracted  with  1  ml  methanol/1  M  NaCl  (1:1, 
v/v)  plus  50  pi  3  N  NaOH,  and  the  aqueous  fractions  combined.  Mass 
measurements  of  SPP  in  the  aqueous  phase  were  carried  out  as  pre¬ 
viously  described  [16].  Sphingosine  and  ceramide  in  the  organic  phase 
were  determined  by  enzymatic  methods  using  sphingosine  kinase  and 
diacylglycerol  kinase,  respectively  [17].  Total  phospholipids  present  in 
lipid  extracts  were  also  quantified  [17]. 


2.6.  Northern  blotting  analysis 

Poly(A)f  RNA  blots  containing  2  pg  of  poly(A)!  RNA  per  lane 
from  multiple  adult  human  tissues  (Clontech)  were  hybridized  with 
the  0.6  kb  EcoRNISphX  fragment  of  pCR3.1  -hSPHKl,  which  was  gel- 
purified  and  labeled  with  [32P]dCTP  by  random  priming.  Hybridiza¬ 
tion  in  Express Hyb  butler  (Clontech)  was  carried  out  at  65°C  over¬ 
night  according  to  the  manufacturer’s  protocol.  Blots  w'ere  reprobed 
with  a  human  (3-actin  control  probe  (Clontech).  Bands  were  quantified 
using  a  Molecular  Dynamics  Phosphoimager. 

3.  Results  and  discussion 

3.1.  Cloning  of  hSPHKl 

BLAST  searches  of  the  EST  database  identified  a  human 
homologue  of  murine  SPHK,  EST  AA026479,  with  similarity 
to  the  3'  end  of  mSPHKla.  This  sequence  was  used  to  design 
specific  primers  and  5'  RACE  was  performed  on  mRNA  ex¬ 
tracted  from  HEK293  cells  to  obtain  the  full-length  cDNA  of 
hSPHKl.  The  open  reading  frame  encodes  a  protein  with  384 
amino  acids,  and  85%  identity  and  92%  similarity  to 
mSPHKla  at  the  amino  acid  level  (Fig.  1).  We  previously 
found  by  sequence  alignment  that  SPHKs  from  mouse,  yeast 
and  Caenorhahditis  elegans  share  several  conserved  blocks  of 
amino  acids  [15].  Similarly,  hSPHKl  contains  these  conserved 
regions  (C1-C5,  Fig.  1),  including  the  invariant  positively 
charged  motif,  GGKGK,  in  the  Cl  domain,  which  may  be 
part  of  the  ATP  binding  site  of  this  novel  class  of  lipid  ki¬ 
nases. 
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Fig.  1.  Predicted  amino  acid  sequence  of  hSPHKl  and  alignment  of  the  conserved  domains.  ClustalW  alignment  of  SPHKs  from  mouse  and 
human.  Identical  and  conserved  amino  acid  substitutions  are  shaded  dark  and  light  gray,  respectively.  The  conserved  domains  (C1-C5)  are  in¬ 
dicated  by  lines  and  the  invariant  positively  charged  motif  GGKGK  by  asterisks. 
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Fig.  2.  Activity  of  hSPHKl  expressed  in  HEK293  cells.  A:  HEK293  cells  were  transiently  transfected  with  empty  vector  or  vector  containing 
either  mSPHKla  or  hSPHKl.  SPHK  activity  was  measured  in  cytosol  (filled  bars)  and  particulate  pellet  (open  bars)  24  h  after  transfection  us¬ 
ing  sphingosine-BSA  complexes  or  sphingosine-Triton  X-100  micelles  as  substrate  as  indicated.  SPHK  activity  in  vector  transfected  cells  was 
84  ±2  and  134  ±27  pmol/min/mg  using  sphingosine-BSA  complexes  or  sphingosine-Triton  X-100  micelles  as  substrate,  respectively.  Data  are 
means  ±  S.D.  and  are  representative  of  two  independent  experiments  performed  in  triplicate.  B:  Changes  in  mass  levels  of  SPP,  sphingosine, 
and  ceramide.  Mass  levels  of  SPP,  sphingosine  and  ceramide  in  cells  transfected  with  empty  vector  (open  bars)  or  vector  containing  hSPHKl 
(filled  bars)  were  measured  after  24  h.  Data  are  expressed  as  pmol/nmol  phospholipid  and  are  means ±  S.D.  of  triplicate  determinations. 


3.2.  hSPHKl  encodes  a  functional  sphingosine  kinase 

HEK293  cells  were  transfected  with  expression  vectors  con¬ 
taining  hSPHKl  to  determine  whether  it  encodes  a  bona  fide 
SPHK.  Modest  levels  of  endogenous  SPHK  activity  were  de¬ 
tected  in  cells  transfected  with  an  empty  vector  (Fig.  2A). 
Twenty-four  hours  after  transfection  with  pcDNA3.1- 
hSPHKl,  the  SPHK  activity  increased  approximately  600- 
fold  and  remained  at  this  level  for  at  least  2  days.  For  com¬ 
parison,  a  similar  increase  in  activity  was  observed  after  trans¬ 
fection  with  mSPHKla  (Fig.  2A).  Similar  results  were  ob¬ 
tained  when  cells  were  transfected  with  hSPHKl  in  pCR3.1. 
In  agreement  with  previous  results  with  mSPHKla  [15], 
hSPHKl  wras  stimulated  by  Triton  X-100.  Both  membrane- 
associated  and  cytosolic  SPHK  activity  have  been  described  in 


A  B 


Fig.  3.  A:  Substrate  specificity  of  hSPHKl.  HEK293  cells  were 
transfected  with  hSPHKl  and  SPHK-depcndent  phosphorylation  of 
various  sphingosine  analogs  or  other  lipids  (50  jiM)  was  measured 
using  cell  lysates  as  enzyme  source.  DAG,  diacylglycerol ;  PI,  phos- 
phatidylinositol;  C2-CER,  A-acetyl-sphingosine.  B:  DMS  and  DHS 
are  inhibitors  of  hSPHKl.  SPHK  activity  in  HEK293  cell  lysates  24 
h  after  transfection  with  hSPHKl  was  measured  with  10  pM  SPP 
in  the  absence  or  presence  of  20  pM  and  40  pM  DMS  or  DHS. 
Data  are  means!  S.D.  of  triplicate  determinations  and  are  expressed 
as  percent  inhibition. 


mammalian  tissues  and  cell  lines  [1,18-21].  In  cells  transfected 
with  hSPHKl,  approximately  70%  of  the  SPHK  activity  was 
found  in  the  cytosol  and  only  about  30%  was  membrane-as¬ 
sociated  (Fig.  2A).  Similarly,  we  previously  found  that  the 
majority  of  mSPHKla  activity  was  also  expressed  in  the  cy¬ 
tosol  [2,15].  Kytc-Doolittle  hydropathy  plots  did  not  suggest 
the  presence  of  any  potential  hydrophobic  membrane  span¬ 
ning  domains  in  the  primary  structure  of  hSPHKl. 

Transfection  of  HEK293  cells  with  hSPHKl  also  resulted  in 
changes  in  levels  of  sphingolipid  metabolites  (Fig.  2B).  Mass 
levels  of  SPP  increased  5.7-fold  compared  to  cells  transfected 
with  vector  alone,  with  a  18%  decrease  in  levels  of  both  sphin- 
gosinc  and  ceramide.  However,  because  intracellular  ceramide 
pools  are  much  larger  than  sphingosine  pools,  the  absolute 
decrease  of  ceramide  was  greater  than  the  decrease  in  sphin¬ 
gosine  mass.  These  results  suggest  that  transfected  hSPHKl  is 
active  in  intact  cells,  and  that  kinase  overexpression  can  alter 
the  intracellular  balance  of  sphingolipid  metabolites. 

3.3.  Substrate  specificity  of  hSPHKl 

The  naturally  occurring  D-(+)-erythro-tnms-isomcr  of  sphin¬ 
gosine  and  erythro- dihydrosphingosine  (sphinganine)  were  the 
best  substrates  for  hSPHKl  (Fig.  3A).  However,  similar  to  the 
specificity  of  mSPHKla  [15],  sphingosine  was  more  efficiently 
phosphorylated  than  sphinganine.  Moreover,  other  sphingo- 


Fig.  4.  Tissue-specific  expression  of  hSPHKl  by  Northern  blot  anal¬ 
ysis.  Top  panel:  A  hSPHKl  probe  was  hybridized  to  a  poly(A)! 
RNA  blot  with  the  human  tissues  indicated  at  the  top  of  each  lane 
as  described  in  Section  2.  Bottom  panel:  A  p-actin  probe  was  used 
to  reprobe  the  blot. 
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lipids,  including  DX-z/z/rtf-dilrydrosphingosine  (DHS)  and  C2- 
ccramidc,  as  well  as  diacylglycerol  and  phosphatidyl  inositol 
were  not  substrates  (Fig.  3A).  With  D-erythro-sphmgosmc  as 
substrate,  half-maximal  velocity  was  found  at  5  pM,  in  excel¬ 
lent  agreement  with  Km  values  previously  determined  with  rat 
kidney  SPHK  [14]  and  recombinant  mSPHKla  [15].  DMS 
and  DHS  have  previously  been  used  to  inhibit  SPHK  and 
block  increases  in  SPP  induced  by  various  physiological  stim¬ 
uli  [1,3,22].  Both  of  these  sphingolipids  also  inhibited 
hSPHKl  and  similar  to  their  inhibitory  effects  on  mSPHKla 
[15],  DHS  was  slightly  more  potent  than  DMS  (Fig.  3B). 

3.4.  Tissue  distribution  of  hSPHKl  expression 

The  tissue  distribution  of  SPHK1  mRNA  expression  in 
adult  human  tissues  was  analyzed  by  Northern  blotting 
(Fig.  4).  In  most  tissues,  including  adult  brain,  heart,  spleen, 
lung,  kidney,  and  testis,  a  predominant  1 .9  kb  mRNA  species 
was  detected.  Expression  was  highest  in  adult  liver,  heart  and 
skeletal  muscle.  In  comparison,  we  previously  showed  that 
mSPHKla  expression  is  greatest  in  mouse  spleen,  lung,  kid¬ 
ney,  testis  and  heart,  with  much  lower  expression  in  skeletal 
muscle  [15]. 

In  summary,  hSPHKl  is  the  human  homolog  of  mSPHKl. 
Based  on  EST  sequences,  hSPHKl  has  been  localized  on 
chromosome  17q25.2  at  the  marker  stSG28540  (D17S785- 
D17S836  Reference  Interval,  UniGene  cluster  Hs.  68061, 
URL:  http ://www. ncbi.nlni.nih.gov/unigenc/clust.cgi7org  =  hs 
and  cid  =  68061).  hSPHKl  belongs  to  a  conserved  family  of 
genes  that  is  distinct  from  other  known  lipid  kinases.  Molec¬ 
ular  cloning  and  characterization  of  members  of  the  SPHK 
family  should  help  to  clarify  their  potential  roles  in  various 
human  diseases  as  their  product,  SPP,  has  been  implicated  as 
an  important  regulatory  component  of  biological  processes 
including  growth,  survival,  allergy,  chemotaxis,  and  angiogen¬ 
esis. 
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Sphingosine-l-phosphate  (SPP)  has  diverse  biological 
functions  acting  inside  cells  as  a  second  messenger  to 
regulate  proliferation  and  survival,  and  extracellularly, 
as  a  ligand  for  G  protein-coupled  receptors  of  the  endo¬ 
thelial  differentiation  gene-1  subfamily.  Based  on  se¬ 
quence  homology  to  murine  and  human  sphingosine  ki- 
nase-1  (SPHK1),  which  we  recently  cloned  (Kohama,  T., 
Oliver,  A.,  Edsall,  L.,  Nagiec,  M.  M.,  Dickson,  R.,  and 
Spiegel,  S.  (1998)  J.  Biol  Chem .  273,  23722-23728),  we 
have  now  cloned  a  second  type  of  mouse  and  human 
sphingosine  kinase  (mSPHK2  and  hSPHK2).  mSPHK2 
and  hSPHK2  encode  proteins  of  617  and  618  amino  ac¬ 
ids,  respectively,  both  much  larger  than  SPHK1,  and 
though  diverging  considerably,  both  contain  the  con¬ 
served  domains  found  in  all  SPHKls.  Northern  blot 
analysis  revealed  that  SPHK2  mRNA  expression  had  a 
strikingly  different  tissue  distribution  from  that  of 
SPHK1  and  appeared  later  in  embryonic  development. 
Expression  of  SPHK2  in  HEK  293  cells  resulted  in  ele¬ 
vated  SPP  levels.  D-eryMro-dihydrosphingosine  was  a 
better  substrate  than  D-e/yt/iro-sphingosine  for  SPHK2. 
Surprisingly,  d,  L-f/ireo-dihydrosphingosine  was  also 
phosphorylated  by  SPHK2.  In  contrast  to  the  inhibitory 
effects  on  SPHK1,  high  salt  concentrations  markedly 
stimulated  SPHK2.  Triton  X-100  inhibited  SPHK2  and 
stimulated  SPHK1,  whereas  phosphatidylserine  stimu¬ 
lated  both  type  1  and  type  2  SPHK.  Thus,  SPHK2  is 
another  member  of  a  growing  class  of  sphingolipid  ki¬ 
nases  that  may  have  novel  functions. 


Sphingosine-l-phosphate  (SPP)1  is  a  bioactive  sphingolipid 
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metabolite  that  regulates  diverse  biological  processes,  acting 
both  inside  and  outside  cells  (reviewed  in  Refs.  1  and  2).  SPP 
plays  important  roles  as  a  second  messenger  to  regulate  cell 
growth  and  survival  (3,  4).  Many  external  stimuli,  particularly 
growth  and  survival  factors,  activate  sphingosine  kinase 
(SPHK),  the  enzyme  that  forms  SPP  from  sphingosine.  This 
rapidly  growing  list  includes  platelet-derived  growth  factor  (3, 
5-7),  nerve  growth  factor  (8,  9),  vitamin  D3  (10),  muscarinic 
acetylcholine  agonists  (11),  tumor  necrosis  factor-a  (12),  and 
cross-linking  of  the  immunoglobulin  receptors  FceRl  (13)  and 
FcyRl  (14).  Intracellular  SPP,  in  turn,  mobilizes  calcium  from 
internal  stores  independently  of  inositol  triphosphate  (11,  15), 
as  well  as  eliciting  diverse  signaling  pathways  leading  to  pro¬ 
liferation  (16,  17)  and  suppression  of  apoptosis  (4,  8,  17-19). 
Moreover,  competitive  inhibitors  of  SPHK  block  the  formation 
of  SPP  and  selectively  inhibit  calcium  mobilization,  cellular 
proliferation,  and  survival  induced  by  these  various  stimuli 
(reviewed  in  Ref.  1).  Thus,  it  has  been  suggested  that  the 
dynamic  balance  between  levels  of  the  sphingolipid s  metabo¬ 
lites,  ceramide  and  SPP,  and  consequent  regulation  of  opposing 
signaling  pathways,  is  an  important  factor  that  determines  the 
fate  of  cells  (19).  For  example,  stress  stimuli  increase  ceramide 
levels  leading  to  apoptosis,  whereas  survival  factors  stimulate 
SPHK  leading  to  increased  SPP  levels,  which  suppress  apo¬ 
ptosis  (19).  Moreover,  the  SPHK  pathway,  through  the  gener¬ 
ation  of  SPP,  is  critically  involved  in  mediating  tumor  necrosis 
factor-a-induced  endothelial  cell  activation  (12),  and  the  ability 
of  high  density  lipoproteins  to  inhibit  cytokine-induced  adhe¬ 
sion  molecule  expression  has  been  correlated  with  its  ability  to 
reset  this  sphingolipid  rheostat  (12).  This  has  important  impli¬ 
cations  for  the  protective  function  of  high  density  lipoproteins 
against  the  development  of  atherosclerosis  and  associated  cor¬ 
onary  heart  disease.  Recent  data  have  also  connected  the 
sphingolipid  rheostat  to  allergic  responses  (20). 

Interest  in  SPP  has  accelerated  recently  with  the  discovery 
that  it  is  a  ligand  of  the  G  protein-coupled  cell  surface  recep¬ 
tor  EDG-1  (17,  21).  This  rapidly  led  to  the  identification  of 
several  other  related  receptors,  named  EDG-3,  -5,  -6,  and  -8, 
which  are  also  specific  SPP  receptors  (reviewed  in  Refs.  2  and 
22).  Sphinganine- 1-phosphate,  which  is  structurally  similar 
to  SPP  and  only  lacks  the  trans  double  bond  at  the  4  position, 
but  not  lysophosphatidic  acid  or  sphingosylphosphorylcho- 
line,  also  binds  to  these  receptors  (23),  demonstrating  that 
EDG-1  belongs  to  a  family  of  G  protein-coupled  receptors  that 
bind  SPP  with  high  affinity  and  specificity  (reviewed  in  Refs. 
2  and  22).  The  EDG-1  family  of  receptors  are  differentially 


sphingosine;  Mreo-DHS,  d,l -threo-  dihydrosphingosine;  TLC,  thin  layer 
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expressed,  mainly  in  the  cardiovascular  and  nervous  sys¬ 
tems,  and  are  coupled  to  a  variety  of  G  proteins  and  thus  can 
regulate  diverse  signal  transduction  pathways  culminating 
in  pleiotropic  responses  depending  on  the  cell  type  and  relative 
expression  of  EDG  receptors.  Although  the  biological  functions  of 
the  EDG-1  family  of  G  protein-coupled  receptors  are  not  com¬ 
pletely  understood,  recent  studies  suggest  that  binding  of  SPP  to 
EDG-1  stimulates  migration  and  chemotaxis  (24,  25)  and  as  a 
consequence  may  regulate  angiogenesis  (24,  26,  27).  EDG-5  may 
play  a  role  in  cytoskeletal  reorganization  during  neurite  retrac¬ 
tion,  which  is  important  for  neuronal  differentiation  and  devel¬ 
opment  (23,  28). 

Critical  evaluation  of  the  role  of  SPP  requires  cloning  of  the 
enzymes  that  regulate  its  metabolism.  Recently,  we  purified 
rat  kidney  SPHK  to  apparent  homogeneity  (29)  and  subse¬ 
quently  cloned  the  first  mammalian  SPHK,  designated 
mSPHKl  (30).  Independently,  two  genes,  termed  LCB4  and 
LCB5,  were  also  shown  to  code  for  SPHKs  in  Saccharomyces 
cerevisiae  (31).  Moreover,  data  base  searches  identified  homo- 
logues  of  mSPHKl  in  numerous  widely  disparate  organisms, 
including  worms,  plants,  and  mammals,  demonstrating  that 
the  enzyme  is  encoded  by  a  member  of  a  highly  conserved  gene 
family  (30).  Comparison  of  the  predicted  amino  acid  sequences 
of  the  known  SPHKls  revealed  five  blocks  of  highly  conserved 
amino  acids  (30).  However,  several  lines  of  evidence  indicate 
that  there  may  be  multiple  mammalian  SPHK  isoforms.  The 
finding  that  SPHK  activity  in  platelets  could  be  chromato- 
graphically  fractionated  into  several  forms  with  differing  re¬ 
sponses  to  detergents  and  inhibition  by  known  SPHK  inhibi¬ 
tors  suggested  the  presence  of  multiple  enzyme  forms  in 
human  platelets  (32).  Moreover,  homology  searches  against  a 
comprehensive  nonredundant  data  base  revealed  that  several 
of  the  expressed  sequence  tags  (dbEST)  at  NCBI  had  signifi¬ 
cant  homology  to  conserved  domains  of  mSPHKl  (30),  yet  they 
had  substantial  sequence  differences.  Thus,  we  embarked  on 
an  effort  to  clone  other  SPHK  isoforms.  We  report  here  the 
cloning,  functional  characterization,  and  tissue  distribution  of 
a  second  type  of  mammalian  SPHK  (SPHK2)  that  has  distinct 
sequence,  properties,  and  tissue  distribution. 

EXPERIMENTAL  PROCEDURES 

Materials — SPP,  sphingosine,  and  AT,AT-dimethylsphingosine  were 
from  Biomol  Research  Laboratory  Inc.  (Plymouth  Meeting,  PA).  All 
other  lipids  were  purchased  from  Avanti  Polar  Lipids  (Birmingham, 
AL).  [y-;i2P]ATP  (3000  Ci/mmol)  was  purchased  from  Amersham 
Pharmacia  Biotech.  Poly-L-lysine  and  collagen  were  from  Roche  Molecu¬ 
lar  Biochemicals  (Indianapolis,  IN).  Restriction  enzymes  were  from  New 
England  Biolabs  (Beverly,  MA).  Poly(A)'  RNA  blots  of  multiple  mouse 
adult  tissues  were  purchased  from  CLONTECH  (Palo  Alto,  CA).  Lipo- 
fectAMlNE  PLUS  and  LipofectAMINE  were  from  Life  Technologies,  Inc. 

cDNA  Cloning  of  Murine  Sphingosine  Kinase-2  (mSPHK2) — BLAST 
searches  of  the  EST  data  base  identified  a  mouse  EST  clone  (Gen- 
Bank™  accession  number  AA839233),  which  had  significant  homology 
to  conserved  domains  of  mSPHKl  (30)  yet  had  substantial  sequence 
differences.  Using  this  EST,  a  second  isoform  of  SPHK,  denoted 
mSPHK2,  was  cloned  by  two  different  PCR  approaches. 

In  the  first,  we  used  the  method  of  PCR  cloning  from  a  mouse  cDNA 
library  (Stratagene).  Approximately  1  x  10r>  phages  were  plated  on 
twenty  150-mm  plates,  plaques  were  collected,  and  plasmids  were 
isolated  using  standard  procedures  (33).  An  initial  PCR  reaction  was 
carried  out  with  a  sequence  specific  primer  (M-3-1,  5'-CCTGGGTG- 
CACCTGCGCCTGTATTGG)  and  the  M13  reverse  primer.  The  long¬ 
est  PCR  products  were  gel-purified  and  used  as  the  template  for  a 
second  PCR,  which  contained  a  sequence-specific  antisense  primer 
(M-3-2,  5'-CCAGTCTTGGGGCAGTGGAGAGCC-3')  and  the  T3 
primer.  The  final  PCR  products  were  subcloned  by  TOPO  TA  cloning 
(Invitrogen)  and  then  sequenced.  Platinum  high  fidelity  DNA  polym¬ 
erase  (Life  Technologies,  Inc.)  was  used  for  the  PCR  amplifications 
with  the  following  cycling  parameters:  30  cycles  of  94  °C  for  30  s, 
55  °C  for  45  s,  and  72  °C  for  2  min  with  a  final  primer  extension  at 
72  °C  for  5  min. 


In  a  second  approach,  5'-RACE  PCR  was  performed  with  the  5'- 
RACE  System  for  rapid  amplification  of  cDNA  ends  according  to  the 
manufacturer’s  protocol  (Life  Technologies,  Inc.).  Poly  (A)1  RNA  was 
isolated  from  Swiss  3T3  fibroblasts  using  a  Quick  Prep  mRNA  purifi¬ 
cation  kit  (Amersham  Pharmacia  Biotech),  First  strand  cDNA  was 
synthesized  at  42  °C  for  50  min  with  5  jug  of  Swiss  3T3  poly(A)+  RNA 
using  a  target  antisense  primer  designed  from  the  sequence  of 
AA839233  (m-GSPl,  5 ' -AGGTAGAGGCTTCTGG)  and  Superscript  II 
reverse  transcriptase  (Life  Technologies,  Inc.).  Two  consecutive  PCR 
reactions  using  this  cDNA  as  a  template  and  LA  Taq  polymerase 
(TaKaRa)  were  carried  out  as  follows:  first  PCR,  94  °C  for  2  min  fol¬ 
lowed  by  30  cycles  of  94  °C  for  1  min,  55  °C  for  1  min,  72  °C  for  2  min, 
and  primer  extension  at  72  °C  for  5  min  with  5 '-RACE  Abridged  Anchor 
Primer,  5'-GGCCACGCGTCGACTAGTACGGGIIGGGIIGGGIIG  and 
the  target- specific  antisense  primer  m-GSP2,  5'-GCGATGGGTGAAA- 
GCTGAGCTG;  second  PCR,  same  conditions  except  that  the  annealing 
temperature  was  65  °C,  with  Abridged  Universal  Amplification  Primer, 
5 '-GGCCACGCGTCGACTAGTAC  and  m-GSP3,  5 ' -AGTCTCCAGTCA- 
GCTCTGGACC.  PCR  products  were  cloned  into  pCR2.1  and  sequenced, 
and  final  PCR  products  were  subcloned  into  pCR3.1  and  pcDNA  3 
expression  vectors. 

cDNA  Cloning  of  Human  Sphingosine  Kinase-2  (hSPHK2) — 
Poly(A) 1  RNA  from  HEK293  cells  was  used  for  a  5 '-RACE  reaction. 
Target-specific  antisense  primers  (h-GSPl,  5'-CCCACTCACTCAGG- 
CT;  h-GSP2,  5'-GAAGGACAGCCCAGCTTCAGAG;  h-GSP3,  5'-ATT- 
GACCAATAGAAGCAACC)  were  designed  according  to  the  sequence 
of  a  human  EST  clone  (accession  number  AA295570).  First  strand 
cDNA  was  synthesized  with  5  jug  of  HEK293  mRNA  and  h-GSPl.  This 
cDNA  was  used  as  a  template  in  an  initial  PCR  reaction  using 
5'-RACE  Abridged  Anchor  Primer  and  h-GSP2.  Then,  nested  PCR 
was  carried  out  using  the  Abridged  Universal  Amplification  Primer 
and  h-GSP3.  The  resulting  PCR  products  were  cloned  and  sequenced 
as  described  above. 

Overexpression  and  Measurement  of  Activity  of  SPHK2 — HEK293 
cells  (ATCC  CRL-1573)  and  NIH  3T3  fibroblasts  (ATCC  CRL-1658)  were 
cultured  as  described  previously  (34).  HEK293  cells  were  seeded  at  6  x 
105/well  in  poly-L-lysine-coated  6-well  plates.  After  24  h,  cells  were  trans¬ 
fected  with  1  jug  of  vector  alone  or  with  vectors  containing  sphingosine 
kinase  constructs  and  6  jul  of  LipofectAMINE  PLUS  reagent  plus  4  jul  of 
LipofectAMINE  reagent/well.  1-3  days  after  transfection,  cells  were  har¬ 
vested  and  lysed  by  freeze-thawing  as  described  previously  (30).  In  some 
experiments,  cell  lysates  were  fractionated  into  cytosol  and  membrane 
fractions  by  centrifugation  at  100,000  x  g  for  60  min.  SPHK  activity  was 
determined  in  the  presence  of  sphingosine,  prepared  as  a  complex  with  4 
mg/ml  BSA  and  [y-32P]ATP  in  kinase  buffer  (35)  containing  200  mM  KC1, 
unless  indicated  otherwise.  :i2P-SPP  was  separated  by  TLC  and  quan¬ 
tified  with  a  phosphoimager  as  described  previously  (30). 

Lipid  Extraction  and  Measurement  of  SPP — Cells  were  washed  with 
phosphate-buffered  saline  and  scraped  in  1  ml  of  methanol  containing  a 
2.5-jul  cone.  HC1.  Lipids  were  extracted  by  adding  2  ml  of  chloroform,  1 
M  NaCl  (1:1,  v/v)  and  100  ^1  of  3N  NaOH,  and  the  phases  were  sepa¬ 
rated.  The  basic  aqueous  phase  containing  SPP,  and  devoid  of  sphin¬ 
gosine,  ceramide.  and  the  majority  of  phospholipids,  was  transferred  to 
a  siliconized  glass  tube.  The  organic  phase  was  re-extracted  with  1  ml 
of  methanol,  1  M  NaCl  (1:1,  v/v)  plus  50  jul  of  3N  NaOH,  and  the  aqueous 
fractions  were  combined.  Mass  measurements  of  SPP  in  the  aqueous 
phase  and  total  phospholipids  in  the  organic  phase  were  carried  out 
exactly  as  described  (8,  36). 

Northern  Blotting  Analysis — Poly(A)  'f  RNA  blots  containing  2  jug  of 
poly(A)  ’  RNA/lane  from  multiple  adult  mouse  and  human  tissues, 
and  mouse  embryos  were  purchased  from  CLONTECH,  Blots  were 
hybridized  with  the  1.2-kb  Pstl  fragment  of  mouse  EST  AA389187 
(mSPHKl  probe),  the  1.5-kb  EcoRI  fragment  of  pCR3.1-mSPHK2,  the 
0.3-kb  PvuU  fragment  of  pCR3.1-hSPHKl,  or  the  0.6-kb  EcoRW-Sphl 
fragment  of  human  EST  AA295570  (hSPHK2  probe),  after  gel-purifica¬ 
tion  and  labeling  with  [a-32P]dCTP.  Hybridization  in  ExpressHyb  buffer 
(CLONTECH)  at  65  °C  overnight  was  carried  out  according  to  the  man¬ 
ufacturer’s  protocol.  Blots  were  reprobed  with  j3-actin  as  a  loading  control 
(CLONTECH).  Bands  were  quantified  using  an  imaging  analyzer 
(BAS2000,  Fuji  film). 

RESULTS  AND  DISCUSSION 

Cloning  of  Type  2  Sphingosine  Kinase 

Blast  searches  of  the  EST  data  base  identified  several  ESTs 
that  displayed  significant  homology  to  our  recently  cloned 
mSPHKl  sequence  (30).  Specific  primers  were  designed  from 
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Fig.  1.  Predicted  amino  acid  sequences  of  murine  and  human  type  2  SPHK.  A ,  ClustalW  alignment  of  the  predicted  amino  acid  sequences 
of  mSPHK2  and  hSPHK2.  Identical  and  conserved  amino  acid  substitutions  are  shaded  dark  and  light  gray ,  respectively.  The  dashes  represent 
gaps  in  sequences,  and  numbers  on  the  right  refer  to  the  amino  acid  sequence  of  mSPHK2.  The  conserved  domains  (C1-C5)  are  indicated  by  lines. 
B,  schematic  representation  of  conserved  regions  of  SPHK1  and  SPHK2.  The  primary  sequence  of  mSPHK2  is  compared  with  that  of  mSPHKI. 


the  sequences  of  these  ESTs  and  were  used  to  clone  a  new  type 
of  mouse  and  human  SPHK  (named  mSPHK2  and  hSPHK2)  by 
the  approaches  of  PCR  cloning  from  a  mouse  brain  cDNA 
library  and  5'-RACE  PCR. 

ClustalW  alignment  of  the  amino  acid  sequences  of  mSPHK2 


and  hSPHK2  is  shown  in  Fig.  1A.  The  open  reading  frames  of 
mSPHK2  and  hSPHK2  encode  polypeptides  of  617  and  618 
amino  acids,  respectively,  with  83%  identity  and  90%  similar¬ 
ity.  Five  highly  conserved  regions  (C1-C5),  identified  previ¬ 
ously  in  SPHKls  (30),  are  also  present  in  both  type  2  kinases. 
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Fig.  2.  Tissue-specific  expression  of  type  1  and  type  2  SPHK.  A, 

mSPHK2  {upper  panel)  and  mSPHKla  ( middle  panel)  probes  were 
end-labeled  and  hybridized  to  poIy(A) f  RNA  blots  from  the  indicated 
mouse  tissues  as  described  under  “Experimental  Procedures.”  Lane  1, 
heart;  lane  2,  brain;  lane  3 ,  spleen;  lane  4 ,  lung;  lane  5,  liver;  lane  6, 
skeletal  muscle;  lane  7,  kidney;  lane  8,  testis.  A  j3-actin  probe  ( lower 
panel )  was  used  as  a  loading  control.  B ,  expression  of  mSPHKla  and 
mSPHK2  during  mouse  embryonic  development.  Poly(A) '  RNA  blots 
from  embryonic  days  (25)  7,  11,  15,  and  17  mouse  embryos  were  probed 
as  in  A.  C,  tissue-specific  expression  of  hSPHK2.  Lane  1,  brain;  lane  2, 
heart;  lane  3,  skeletal  muscle;  lane  4,  colon;  lane  5,  thymus:  lane  6 , 
spleen;  lane  7,  kidney;  lane  8y  liver;  lane  9,  small  intestine;  lane  10, 
placenta;  lane  11,  lung;  lane  12,  leukocyte. 


Interestingly,  the  invariant  GGKGK  positively  charged  motif 
in  the  Cl  domain  of  SPHK1  is  modified  to  GGRGL  in  SPHK2, 
suggesting  that  it  may  not  be  part  of  the  ATP  binding  site  as 
previously  proposed  (30).  A  motif  search  also  revealed  that  a 
region  beginning  just  before  the  conserved  Cl  domains  of 
mSPHK2  and  hSPHK2  (amino  acid  147-284)  also  has  homol¬ 
ogy  to  the  diacylglycerol  kinase  catalytic  site. 

Compared  with  SPHK1,  both  SPHK2s  encode  much  larger 
proteins  containing  236  additional  amino  acids  (Fig.  15).  More¬ 
over,  their  sequences  diverge  considerably  from  SPHK1  in  the 
center  and  at  the  amino  termini.  However,  after  amino  acid  140 
of  mSPHK2,  the  sequences  of  type  1  and  type  2  mSPHK  have 
a  large  degree  of  similarity.  These  sequences  (amino  acids 
9-226  for  mSPHKl  and  141-360  for  mSPHK2),  which  encom¬ 
pass  domains  C1-C4,  have  47%  identity  and  79%  similarity 
(Fig.  LB).  In  the  carboxyl-terminal  portion  of  the  proteins  there 
are  also  large  homologous  regions,  which  include  the  C5  do¬ 
main,  from  amino  acids  227-381  for  mSPHKl  and  480-617  for 
mSPHK2,  with  43%  identity  and  78%  similarity  (Fig.  IB).  The 
overall  divergence  suggests  that  SPHK2  probably  did  not  arise 
as  a  simple  gene  duplication  event. 

Tissue  Distribution  of  Sphingosine  Kinase  Type  2 

The  tissue  distribution  of  SPHK2  mRNA  expression  in 
adult  mouse  was  compared  with  that  of  SPHK1  by  Northern 
blotting  (Fig.  2A).  In  most  tissues,  including  adult  liver, 
heart,  kidney,  testis,  and  brain,  a  predominant  3.1-kb  SPHK2 
mRNA  species  was  detected,  indicating  ubiquitous  expres¬ 
sion.  However,  the  level  of  expression  was  markedly  variable 


Fig.  3.  Enzymatic  activity  of  recombinant  SPHK2.  A,  HEK293 
cells  were  transiently  transfected  with  empty  vector  or  with  mSPHK2 
or  hSPHK2  expression  vectors.  After  24  h,  SPHK  activity  was  measured 
in  cytosol  ( open  bars)  and  particulate  fractions  {filled  bars).  The  data 
are  mean  ±  S.D.  Parental  and  vector- transfected  cells  had  basal  SPHK 
activities  of  26  and  37  pmol/min/mg,  respectively.  B,  changes  in  mass 
levels  of  SPP  after  transfection  with  SPHK2.  Mass  levels  of  SPP  in 
HEK293  cells  transfected  with  empty  vector,  with  mSPHK2  {filled 
bars),  or  with  hSPHK2  were  measured  as  described  under  “Experimen¬ 
tal  Procedures.”  The  data  are  expressed  as  pmol/nmol  phospholipid. 


and  was  highest  in  adult  liver  and  heart  and  barely  detect¬ 
able  in  the  skeletal  muscle  and  spleen  (Fig.  2A).  In  contrast, 
the  expression  pattern  of  mSPHKl  is  quite  different,  with 
highest  mRNA  expression  of  a  2.2-kb  transcript  in  adult  lung, 
spleen,  and  liver,  although  expression  in  liver  does  not  pre¬ 
dominate  as  with  mSPHK2.  mSPHKl  and  mSPHK2  were 
both  temporally  and  differentially  expressed  during  embry¬ 
onic  development.  mSPHKl  was  expressed  highly  at  mouse 
embryonic  day  7  and  decreased  dramatically  after  embryonic 
day  11  (Fig.  2B).  In  contrast,  at  embryonic  day  7,  mSPHK2 
expression  was  much  lower  than  mSPHKl  and  gradually 
increased  up  to  embryonic  day  17.  The  hSPHK2  2.8-kb 
mRNA  transcript  was  mainly  expressed  in  adult  kidney, 
liver,  and  brain,  with  much  lower  expression  in  other  tissues 
(Fig.  2C).  Interestingly,  expression  of  SPHK2  in  human  kid¬ 
ney  is  very  high  and  relatively  much  lower  in  the  mouse 
kidney,  whereas  the  opposite  pattern  holds  for  the  liver. 

Activity  of  Recombinant  Sphingosine  Kinase  Type  2 

To  investigate  whether  mSPHK2  and  hSPHK2  encode  bona 
fide  SPHKs,  HEK293  cells  were  transiently  transfected  with 
expression  vectors  containing  the  corresponding  cDNAs.  Be¬ 
cause  previous  studies  have  indicated  that  SPHK  might  be 
present  in  cells  in  both  soluble  and  membrane-associated  forms 
(3, 32,  37-39),  recombinant  SPHK2  activity  was  measured  both 
in  cytosol  and  in  membrane  fractions  of  transfected  cells.  As 
described  previously  (30),  untreated  or  vector-transfected 
HEK293  cells  have  low  levels  of  SPHK  activity  (Fig.  3A).  24  h 
after  transfection  with  mSPHK2  or  hSPHK2,  in  vitro  SPHK 
activity  was  increased  by  20-  and  35 -fold,  respectively,  and 
then  decreased  thereafter  (Fig.  3A).  In  contrast,  SPHK  activity 
in  cells  transfected  with  mSPHKl  was  much  higher,  610-fold 
greater  than  basal  levels  24  h  after  transfection  and  remained 
at  this  level  for  at  least  3  more  days  (data  not  shown).  As  in 
HEK293  cells,  transfection  of  NIH  3T3  fibroblasts  with 
mSPHKl  resulted  in  much  higher  SPHK  activity  than  with 
mSPHK2.  We  previously  found  that,  similar  to  un transfected 
cells,  the  majority  of  SPHK  activity  in  cells  transfected  with 
mSPHKl  was  cytosolic  (30).  Similarly,  in  cells  transfected  with 
either  mSPHK2  or  hSPHK2,  17  and  26%,  respectively,  of  the 
SPHK  activity  was  membrane-associated  (Fig.  3A),  although 
Kyte-Doolittle  hydropathy  plots  did  not  suggest  the  presence  of 
hydrophobic  membrane-spanning  domains. 

Transfection  of  HEK293  cells  with  mSPHK2  and  hSPHK2 
also  resulted  in  2.2-  and  3.3-fold  increases,  respectively,  in 
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Fig.  4.  Substrate  specificity  of  mSPHK2.  A,  SPHK-dependent  phosphorylation  of  various  sphingosine  analogs  or  other  lipids  (50  fiM )  was 
measured  in  cytosol  from  HEK293  cells  transfected  with  mSPHK2.  Data  are  expressed  as  percentage  of  phosphorylation  of  D-cry^/iro-Sph.  B-D, 
noncompetitive  inhibition  of  recombinant  SPHK2  by  M iV-dimethylsphingosine.  B,  dose-dependent  inhibition  of  mSPHK2  by  DMS.  SPHK  activity 
in  HEK293  cell  lysates  after  transfection  as  in  A  was  measured  with  10  pM  n-erythvo -sphingosine  in  the  presence  of  increasing  concentrations  of 
DMS.  C,  kinetic  analysis  of  DMS  inhibition.  SPHK  activity  was  measured  with  varying  concentrations  of  D-eo'^’c-sphingosine  in  the  absence 
0 open  circles)  or  presence  of  10  (filled  squares )  or  20  pM  DMS  (filled  triangles).  D,  Lineweaver-Burk  plots.  The  Km  value  for  D-erythro-sphingosine 
was  3.4  pM.  The  Kt  value  for  DMS  was  12  pM. 


SPP,  the  product  formed  by  SPHK  (Fig.  3 23),  in  agreement  with 
previous  studies  of  sphingolipid  metabolite  levels  after  trans¬ 
fection  with  mSPHKl,  which  showed  a  lack  of  correlation  of 
fold  increases  in  SPP  levels  and  in  vitro  SPHK  enzyme  activity 
(30,  34). 

Characteristics  of  Recombinant  mSPHK2 

Substrate  Specificity — Although  SPHK2  is  highly  homolo¬ 
gous  to  SPHK1,  there  are  substantial  sequence  differences. 
Therefore,  it  was  of  interest  to  compare  their  enzymatic  proper¬ 
ties.  Typical  Michaelis-Menten  kinetics  were  observed  for  recom¬ 
binant  SPHK2  (data  not  shown).  The  Km  for  D-eo'^u'o-sphingo- 
sine  as  substrate  is  3.4  pM,  almost  identical  to  the  Km  previously 
found  for  SPHK1  (29).  Although  the  naturally  occurring 
D-erythro-sphingosine  isomer  was  the  best  substrate  for  SPHK1 
(30),  D-eotf/iro-dihydrosphingosine  was  a  better  substrate  for 


SPHK2  than  D-e/ytf/iro-sphingosine  (Fig.  4A).  Moreover,  although 
D,L-£/ireo-dihydrosphingosine  and  phytosphingosine  were  not 
phosphorylated  at  all  by  SPHK1,  they  were  significantly 
phosphorylated  by  SPHK2,  albeit  much  less  efficiently  than 
sphingosine.  Like  SPHKl,  other  lipids  including  Af,iV-dimeth- 
ylsphingosine  (DMS),  C2-  or  C16-ceramide,  diacylglycerol,  or 
phosphatidylinositol,  were  not  phosphorylated  by  SPHK2 
(Fig.  4A),  suggesting  high  specificity  for  the  sphingoid  base. 

DMS  and  i/ireo-DHS  have  previously  been  shown  to  be  po¬ 
tent  competitive  inhibitors  of  SPHKl  (40)  and  have  been  used 
to  block  increases  in  intracellular  SPP  levels  resulting  from 
various  physiological  stimuli  (3,  4,  8,  11,  13,  14,  41).  However, 
because  £/treo-DHS  is  a  substrate  for  SPHK2,  it  is  not  useful  as 
a  tool  to  investigate  the  role  of  SPHK2/SPP  signaling.  Thus,  it 
was  important  to  characterize  the  inhibitory  potential  of  the 
nonsubstrate  DMS  on  SPHK2.  Surprisingly,  we  found  that 
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Fig.  5.  pH  dependence  and  salt  effects  on  mSPHK2.  A,  cytosolic 
SPHK2  activity  in  transfected  HEK293  cells  was  measured  in  kinase 
buffer  with  the  pH  adjusted  using  the  following  buffers:  200  mM  sodium 
acetate  (pH  4.5-5. 5,  open  circles );  200  mM  MES  (pH  6-7,  filled  circles ); 
200  mM  potassium  phosphate  (pH  6.5-8,  open  squares );  200  mM  HEPES 
(pH  7-7.5,  filled  squares):  200  mM  Tris-HCl  (pH  7.5-9,  open  triangles ); 
and  200  mM  borate  (pH  10,  filled  triangle ).  B~E,  salts  stimulate  SPHK2 
but  inhibit  SPHK1.  B  and  C,  SPHK  activity  in  HEK293  cell  lysates  was 
measured  24  h  after  transfection  with  mSPHKl  (B)  or  mSPHK2  (C)  in 
the  absence  or  presence  of  increasing  concentrations  of  NaCl  (open 
squares)  or  KC1  (filled  circles).  D,  kinetic  analysis  of  SPHK2  activation 
by  KC1.  mSPHK2  activity  was  measured  with  varying  concentrations  of 
D-eo/^ro_sPhmg05ine  in  the  absence  (open  circles )  or  presence  of  50 
(open  squares)  or  200  mM  KC1  (filled  circles).  E,  Lineweaver-Burk  plots 
of  data  from  D.  The  Km  value  is  not  affected  by  the  presence  of  KC1.  Vmax 
values  were  0.1,  0.3,  and  1  (nmol/min/mg)  in  the  presence  of  0,  50,  and 
200  mM  KOI,  respectively. 


although  DMS  was  also  a  potent  inhibitor  of  SPHK2  (Fig.  4 B), 
it  acted  in  a  noncompetitive  manner  (Fig.  4,  C  and  D ).  The  KL 
for  DMS  with  SPHK2  was  12  fi m,  slightly  higher  than  the  Kt  of 
4  fxu  with  SPHK1,  suggesting  that  it  can  be  used  to  inhibit  both 
types  of  SPHK. 

mSPHK2  had  highest  enzymatic  activity  in  the  neutral  pH 
range  from  6.5  to  8  with  optimal  activity  at  pH  7.5  (Fig.  5 A),  a 


A 


Triton  X-100  (%) 


B 


Fig.  6.  Triton  X-100  and  BSA,  but  not  phosphatidylserine,  have 
differential  effects  on  activity  of  SPHK1  and  SPHK2.  HEK293 
cells  were  transfected  with  mSPHKl  (circles)  or  mSPHK2  (triangles) 
and  the  activities  of  each  in  cell  lysates  were  measured  after  24  h  in  the 
presence  of  the  indicated  concentrations  of  Triton  X-100  (A),  BSA  (B),  or 
phosphatidylserine  (filled  symbols)  or  phosphatidylcholine  (open  sym¬ 
bols)  ( C ).  Data  are  expressed  as  percentage  of  control  activity  measured 
without  any  additions. 


pH  dependence  similar  to  that  of  SPHK1  (data  not  shown).  The 
activity  decreased  markedly  at  pH  values  below  and  above  this 
range. 

Effects  of  KCl  and  NaCl — Most  of  the  SPHK  activity  in 
human  platelets  is  membrane-associated  and  extractable  with 
1  m  NaCl  (32).  Furthermore,  the  salt  extractable  SPHK  from 
platelets  has  different  properties  than  the  cytosolic  enzyme.  It 
was  thus  of  interest  to  determine  the  effect  of  high  salt  concen¬ 
trations  on  recombinant  SPHK1  and  SPHK2.  Interestingly,  we 
found  that  high  ionic  strength  had  completely  opposite  effects 
on  their  activities.  SPHK1  was  markedly  inhibited  by  either 
NaCl  and  KCl,  with  each  causing  50%  inhibition  at  a  concen¬ 
tration  of  200  mM  (Fig.  5 B).  In  contrast,  SPHK2  activity  was 
dramatically  stimulated  by  increasing  the  salt  concentration, 
with  a  maximal  effect  at  a  concentration  of  400  mM,  although 
KCl  was  much  more  effective  than  NaCl.  However,  above  this 
concentration,  SPHK2  activity  decreased  sharply  although  re¬ 
maining  elevated  even  at  1  M  salt  (Fig.  5C).  Kinetic  analysis  of 
mSPHK2  in  the  presence  and  absence  of  high  concentrations  of 
salt  indicated  that  the  Km  for  sphingosine  was  unaltered, 
whereas  the  Vmax  was  increased  (Fig.  5,  D  and  E).  The  physi- 
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ological  significance  of  these  observations  remains  to  be  deter¬ 
mined  but  it  could  be  related  to  different  subcell ular  localiza¬ 
tions  of  the  two  types  of  SPHK. 

Substrate  Presentation — Because  sphingolipids  are  highly  li¬ 
pophilic,  in  in  vitro  SPHK  assays,  sphingosine  is  usually  pre¬ 
sented  in  micellar  form  with  Triton  X-100  or  as  a  complex  with 
BSA  (42,  43).  Furthermore,  detergents  such  as  Triton  X-100 
have  been  shown  to  stimulate  the  activity  of  SPHK  in  rat  brain 
extracts  (37)  and  the  enzyme  from  rat  kidney  (29),  and  we 
previously  found  that  the  stability  of  rat  kidney  SPHK  was 
increased  in  the  presence  of  certain  detergents  (29).  However, 
when  the  effect  of  increasing  concentrations  of  Triton  X-100  on 
the  activities  of  SPHK1  and  SPHK2  were  compared,  some 
unexpected  results  were  found.  Concentrations  of  detergent  up 
to  0.005%  had  no  effect,  but  at  higher  concentrations,  SPHK2 
activity  was  inhibited  and  SPHK1  activity  was  markedly  stim¬ 
ulated  (Fig.  6A).  At  a  concentration  of  Triton  X-100  of  0.5%, 
SPHK1  activity  was  increased  by  more  than  4 -fold,  whereas 
SPHK2  was  almost  completely  inhibited.  Thus,  Triton  X-100 
could  be  used  to  differentially  determine  SPHK1  and  SPHK2 
activities  in  tissues  or  cells  that  express  both  types. 

Interestingly,  increasing  the  BSA  concentration  from  our 
usual  SPHK  assay  conditions  with  sphingosine-BSA  complex 
as  substrate,  i.e.  0.2  mg/ml  BSA,  caused  a  concentration-de¬ 
pendent  inhibition  of  SPHK2  activity  without  affecting  SPHK1 
activity  (Fig.  6£).  Therefore,  when  measuring  SPHK  activity  in 
cell  or  tissue  extracts,  the  method  of  substrate  presentation, 
whether  in  mixed  micelles  or  in  BSA  complexes,  must  be  care¬ 
fully  optimized  because  the  differential  effects  of  Triton  X-100 
and  BSA  on  activity  could  yield  different  results  depending  on 
the  relative  expression  of  the  two  types  of  SPHK. 

Effects  of  Phospholipids — Acidic  phospholipids,  particu¬ 
larly  phosphatidylserine,  phosphatidic  acid,  and  phosphati- 
dylinositol,  and  cardiolipin  to  a  lesser  extent,  induced  a  dose- 
dependent  increase  in  SPHK  activity  in  Swiss  3T3  fibroblast 
lysates,  whereas  neutral  phospholipids  had  no  effect  (42).  In 
agreement,  the  enzymatic  activity  of  recombinant  SPHK1 
and  SPHK2  was  stimulated  by  phosphatidylserine;  the  activ¬ 
ity  of  both  was  maximally  increased  4-fold  at  a  concentration 
of  40  /ig/ml  (Fig.  6C)  and  inhibited  by  higher  concentrations 
in  a  dose-dependent  manner.  These  effects  of  phosphatidyl¬ 
serine  appeared  to  be  specific  because  other  phospholipids, 
including  phosphatidylcholine,  had  no  effect  on  the  enzyme 
activity.  In  contrast,  the  activities  of  the  three  major  forms  of 
SPHK  in  human  platelets  were  not  affected  by  phosphatidyl¬ 
serine  (32). 

The  mechanism  by  which  phosphatidylserine  enhances  the 
enzymatic  activity  of  SPHK  is  not  yet  understood.  One  pos¬ 
sibility  is  that  phosphatidylserine  possesses  unique  mem¬ 
brane-structuring  properties,  which  better  present  the  sub¬ 
strate,  sphingosine.  A  second  possibility  is  that  SPHK 
contains  determinants  that  specifically  recognize  the  struc¬ 
ture  of  the  serine  headgroup  and  that  these  determinants 
may  only  become  exposed  upon  interaction  of  SPHK  with 
membranes.  In  this  regard,  the  molecular  basis  for  the  re¬ 
markable  specificity  of  protein  kinase  C  for  phosphatidyl¬ 
serine  has  been  the  subject  of  much  debate.  However,  recent 
data  reveal  that  lipid  structure  and  not  membrane  structure 
is  the  major  determinant  in  the  regulation  of  protein  kinase 
C  by  phosphatidylserine  (44). 

Concluding  Remarks 

The  presence  of  multiple  ESTs  in  the  data  base  with  signif¬ 
icant  homologies  to  SPHK1  as  well  as  the  identification  of 
several  genes  in  S.  cerevisiae  encoding  different  SPHKs  (31) 
suggested  that  there  may  be  a  large  and  important  SPHK  gene 


family.  In  this  study,  we  have  cloned  and  characterized  a  sec¬ 
ond  type  of  SPHK  that  has  some  unique  properties.  Although 
SPHK2  has  a  high  degree  of  homology  to  SPHK1,  especially  in 
the  previously  identified  conserved  domains  identified  in  type  1 
SPHKs  (30),  it  is  much  larger  (65.2  and  65.6  kDa  for  hSPHK2 
and  mSPHK2,  respectively,  versus  42.4  kDa  for  mSPHKl)  and 
contains  an  additional  236  amino  acids.  Furthermore,  its  dif¬ 
ferential  tissue  expression,  temporal  developmental  expres¬ 
sion,  cellular  localization,  and  kinetic  properties  in  response  to 
increasing  ionic  strength  and  detergents  are  completely  differ¬ 
ent  from  SPHK1,  suggesting  that  it  most  likely  has  a  different 
function  and  regulates  levels  of  SPP  in  a  different  manner  than 
SPHK1,  which  is  known  to  play  a  prominent  role  in  regulating 
cell  growth  and  survival.  Thus,  type  2  SPHK  might  be  involved 
in  regulation  of  some  of  the  numerous  biological  responses 
attributed  to  SPP,  such  as  angiogenesis  and  allergic  responses. 

Acknowledgments —  We  thank  Ayako  Yamamoto  for  excellent  tech¬ 
nical  assistance  and  Drs.  Emanuela  Lacana  and  Tom  I.  Bonner  for 
helpful  suggestions. 

REFERENCES 

1.  Spiegel,  S.  (1999)  J.  Leukocvte  Biol.  65,  341-344 

2.  Goetzl.  E.  J.,  and  An.  S.  (1998)  FASEB  J.  12,  1589-1598 

3.  Olivers,  A.,  and  Spiegel,  S.  (1993)  Nature  365,  557-560 

4.  Cuvillier,  O.,  Pirianov,  G.,  Kleuser,  B.,  Vanek,  P.  G.,  Coso,  O.  A.,  Gutkind,  S., 

and  Spiegel,  S.  (1996)  Nature  381,  800-803 

5.  Bornfeldt,  K.  E.,  Graves,  L.  M.,  Raines,  E.  W.,  Igarashi.  Y.,  Wayman,  G., 

Yamamura,  S.,  Yatomi,  Y.,  Sidhu,  J.  S.,  Krebs,  E.  G.,  Hakomori,  S.,  and 
Ross,  R.  (1995)  J.  Cell  Biol.  130,  193-206 

6.  Pyne,  S.,  Chapman,  J.,  Steele,  L.,  and  Pyne,  N.  J.  (1996)  Eur.  J.  Biochem.  237, 

'  819-826 

7.  Coroneos,  E.,  Martinez,  M.,  McKenna,  S.,  and  Kester,  M.  (1995)  J.  Biol.  Chem. 

270,  23305-23309 

8.  Edsall,  L.  C.,  Pirianov,  G.  G.,  and  Spiegel,  S.  (1997)  J.  Neurosci .  17, 6952-6960 

9.  Rius,  R.  A.,  Edsall,  L.  C.,  and  Spiegel,  S.  (1997)  FEBS  Lett.  417,  173-176 

10.  Kleuser,  B.,  Cuvillier,  O.,  and  Spiegel,  S.  (1998)  Cancer  Res.  58,  1817-1824 

11.  Meyer  zu  Heringdorf,  D.,  Lass,  H.,  Alemany,  R.,  Laser,  K.  T.,  Neumann,  E., 

Zhang,  C.,  Schmidt,  M.,  Rauen,  U.,  Jakobs,  K.  H.,  and  van  Koppen,  C.  J. 
(1998)  EMBO  J.  17,  2830-2837 

12.  Xia,  P.,  Gamble.  J.  R.,  Rye,  K.  A.,  Wang,  L.,  Hii,  C.  S.  T„  Cockerill,  P., 

Khew-Goodall,  Y.,  Bert,  A.  G.,  Barter,  P.  J.,  and  Vadas,  M.  A.  (1998)  Proc. 
Natl.  Acad.  Sci.  U.  S.  A.  95,  14196-14201 

13.  Choi,  O.,  H.,  Kim,  J.-H.,  and  Kinet,  J.-P.  (1996)  Nature  380,  634-636 

14.  Melendez,  A.,  Floto,  R.  A.,  Gillooly,  D.  J.,  Harnett,  M.  M.,  and  Allen.  J.  M. 

(1998)  J.  Biol.  Chem.  273,  9393-9402 

15.  Mattie,  M.,  Brooker,  G.,  and  Spiegel,  S.  (1994)  J.  Biol.  Chem.  269,  3181-3188 

16.  Rani,  C.  S.  S.,  Wang,  F.,  Fuior,  E.,  Berger,  A.,  Wu,  J.,  Sturgill,  T.  W.,  Beitner- 

Johnson,  D.,  LeRoith,  D..  Varticovski,  L.,  and  Spiegel.  S.  (1997)  J.  Biol. 
Chem .  272,  10777-10783 

17.  Van  Brooklyn.  J.  R.,  Lee,  M.  J.,  Menzeleev,  R.,  Olivera,  A.,  Edsall,  L.,  Cuvillier, 

O.,  Thomas,  D.  M.,  Coopman,  P.  J.  P„  Thangada,  S.,  Hla.  T.,  and  Spiegel,  S. 
(1998)  J.  Cell  Biol.  142,  229-240 

18.  Perez,  G.  I.,  Knudson,  C.  M.,  Leykin,  L.,  Korsmeyer,  S.  J.,  and  Tilly,  J.  L. 

(1997)  Nat.  Med.  3,  1228-1232 

19.  Cuvillier,  O.,  Rosenthal,  D.  S.f  Smulson,  M.  E.,  and  Spiegel,  S.  (1998)  J.  Biol. 

Chem.  273,  2910-2916 

20.  Prieschl,  E.  E.,  Csonga,  R.,  Novotny,  V.,  Kikuchi,  G.  E.,  and  Baumruker,  T. 

(1999)  J.  Exp.  Med .  190,  1-8 

21.  Lee,  M.  J.,  Van  Brooklyn,  J.  R.,  Thangada,  S.,  Liu,  C.  H.,  Hand,  A.  R., 

Menzeleev,  R.,  Spiegel,  S.,  and  Hla,  T.  (1998)  Science  279,  1552-1555 

22.  Spiegel,  S.,  and  Milstien,  S.  (2000)  Biochim.  Biophys.  Acta  1484,  107-116 

23.  Van  Brooklyn,  J.  R,  Tu,  Z.,  Edsall,  L.  C.,  Schmidt,  R.  R.,  and  Spiegel,  S.  (1999) 

J.  Biol .  Chem.  274,  4626-4632 

24.  Wang,  F..  Van  Brooklyn,  J.  R.,  Hobson,  J.  P..  Movafagh,  S.,  Zukowska-Grojec, 

Z.,  Milstien,  S..  and  Spiegel,  S.  (1999)  J.  Biol.  Chem.  274,  35343-35350 

25.  English,  D.,  Kovala,  A.  T,  Welch,  Z.f  Harvey,  K.  A.,  Siddiqui,  R.  A.,  Brindley, 

D.  N.,  and  Garcia.  J.  G.  (1999)  J.  Hematother.  Stem  Cell  Res.  8,  627-634 

26.  Lee,  O.  H,  Kim,  Y.  M..  Lee.  Y.  M.,  Moon,  E.  J.,  Lee,  D.  J.,  Kim,  J.  H.,  Kim, 

K.  W.,  and  Kwon,  Y.  G.  (1999)  Biochem.  Biophys.  Res.  Commun.  264, 
743-750 

27.  Leo,  M.  J.,  Thangada,  S.,  Claffey,  K.  P.,  Ancellin,  N.,  Liu,  C.  H„  Kluk,  M., 

Volpi,  M.,  Sha’afi,  R.  I.,  and  Hla,  T.  (1999)  Cell  99,  301-312 

28.  MacLennan,  A.  J.,  Marks,  L.,  Gaskin,  A.  A.,  and  Lee,  N.  (1997)  Neuroscience 

79,  217-224 

29.  Olivera,  A.,  Koharaa,  T.,  Tu,  Z.,  Milstien,  S.,  and  Spiegel,  S.  (1998)  J.  Biol. 

Chem.  273,  12576-12583 

30.  Kohama,  T.t  Olivera,  A.,  Edsall,  L.,  Nagiec,  M.  M.,  Dickson,  R.,  and  Spiegel,  S. 

(1998)  J.  Biol.  Chem.  273,  23722-23728 

31.  Nagiec,  M.  M.,  Skrzypek,  M.,  Nagiec,  E.  E.,  Lester,  R.  L.,  and  Dickson,  R.  C. 

(1998)  J.  Biol.  Chem.  273,  19437-19442 

32.  Banno,  Y.,  Kato,  M.,  Hara,  A.,  and  Nozawa,  Y.  (1998)  Biochem.  J.  335,  301-304 

33.  Ausubel,  F.  M.,  Brent,  R.,  Kingston,  R.  E.,  Moore.  D.  D.,  Smith,  J.  A..  Seidman, 

J.  G.,  and  Struhl.  K.  (1987)  Current  Protocols  in  Molecular  Biology ,  pp. 
9. 1.4-9. 1,  Wiley- Interscience,  New  York 

34.  Olivera,  A.,  Kohama.  T.,  Edsall,  L.  C.,  Nava,  V..  Cuvillier,  O.,  Poulton,  S.,  and 


19520 


Type  2  Sphingosine  Kinase 


Spiegel,  S.  (1999)  J.  Cell  Biol  147,  545-558 

35.  Olivera,  A.,  and  Spiegel,  S.  (1998)  in  Methods  in  Molecular  Biology  (Bird,  I.  M., 

ed)  Vol.  105,  pp.  233-242,  Humana  Press  Inc.,  Totawa,  NJ 

36.  Edsall,  L.  C.,  and  Spiegel,  S.  (1999)  Anal.  Biochcm.  272,  80-86 

37.  Buehrer,  B.  M.,  and  Bell,  R.  M.  (1992)  J.  Biol.  Chem.  267,  3154-3159 

38.  Olivera,  A.,  Rosenthal,  J.,  and  Spiegel,  S.  (1994)  Anal.  Biochcm.  223,  306-312 

39.  Ghosh,  T.  K.,  Bian,  J.,  and  Gill,  D.  L.  (1994)  J.  Biol.  Chem.  269,  22628-22635 

40.  Edsall,  L.  C.,  Van  Brooklyn,  J.  R.,  Cuvillier,  O.,  Kleuser,  B.,  and  Spiegel,  S. 


(1998)  Biochemistry  37,  12892-12898 

41.  Machwate,  M.,  Rodan,  S.  B.,  Rodan,  G.  A.,  and  Harada,  S.  I.  (1998)  Mol. 

Pharmacol.  54,  70-77 

42.  Olivera,  A.,  Rosenthal,  J.,  and  Spiegel,  S.  (1996)  J.  Cell.  Biockem.  60,  529-537 

43.  Olivera,  A.,  Barlow,  K.  D.,  and  Spiegel.  S.  (2000)  Methods  Enzvmol.  311, 

215-223 

44.  Johnson,  J.  E.,  Zimmerman,  M.  L,,  Daleke,  D.  L.,  and  Newton,  A.  C.  (1998) 

Biochemistry  37,  12020—12025 


0) 


Celt  Deeth  and  Differentiation  (2001)  8, 162-171 
©  2001  Nature  Publishing  Group  All  rights  reserved  1350-9047/01  SI5.00 
~  www.nature.com/cdd 

Sphingosine  generation,  cytochrome  c  release,  and 
activation  of  caspase-7  in  doxorubicin-induced  apoptosis 
of  MCF7  breast  adenocarcinoma  cells 


O  Cuvillier1'2,  VE  Nava1,  SK  Murthy1,  LC  Edsall3,  T  Levade  , 
S  Milstien3  and  S  Spiegel* 1 

’  Department  of  Biochemistry  and  Molecular  Biology.  Georgetown  University 
Medical  Center.  3900  Reservoir  Road  NW.  Washington  DC  20007.  USA 
:  Unite  Inserm  466.  CHU  Rangueil.  1  avenue  Jean  Poulhes.  31403  Toulouse 
France 

3  Laboratory  of  Cellular  and  Molecular  Regulation.  NIMH.  Bethesda  MD  20892. 
USA 

*  Corresponding  author.  S  Spiegel.  Department  of  Biochemistry  and  Molecular 
Biology.  Georgetown  University  Medical  Center.  353  Basic  Science  Building 
3900  Reservoir  Road  NW.  Washington.  DC  20007.  USA  Tel:  202-687-1432. 
Fax:  202-687-0260.  E-mail:  spiegel@bc.georgetown.eaL 

Received  9.5.00:  revised  2.8.00:  accepted  20.9.0C 
Edited  by  C  Thiele 


Abstract 

Treatment  of  human  breast  carcinoma  MCF7  cells  with 
doxorubicin,  one  of  the  most  active  antineoplastic  agents 
used  in  clinical  oncology,  induces  apoptosis  and  leads  to 
increases  in  sphingosine  levels.  The  transient  generation  of 
this  sphingolipid  mediator  preceded  cytochrome  c  release 
from  the  mitochondria  and  activation  of  the  executioner 
caspase-7  in  MCF7  cells  which  do  not  express  caspase-3.  Bcl- 
xL  overexpression  did  not  affect  sphingosine  generation 
whereas  it  reduced  apoptosis  triggered  by  doxorubicin  and 
completely  blocked  apoptosis  triggered  by  sphingosine. 
Exogenous  sphingosine-induced  apoptosis  was  also  accom¬ 
panied  by  cytochrome  c  release  and  activation  of  caspase-7  in 
a  Bcl-xL-sensitive  manner.  Furthermore,  neither  doxorubicin 
nor  sphingosine  treatment  affected  expression  of  Fas  ligand 
or  induced  activation  of  the  apical  caspase-8.  indicating  a  Fas / 
Fas  ligand-independent  mechanism.  Our  results  suggest  that 
a  further  metabolite  of  ceramide,  sphingosine.  may  also  be 
involved  in  mitochondria-mediated  apoptotic  signaling 
induced  by  doxorubicin  in  human  breast  cancer  cells.  Cell 
Death  and  Differentiation  (2001)  8, 162-171 . 

Keywords:  apoptosis:  sphingosine:  doxorubicin:  cytochrome  c 
caspases 

Abbreviations:  Ac-DEVD-AMC.  acetyl-Asp-Giu-Vai-Asp-ammo- 
methylcoumarm:  dMAPP.  D-erythro-2-(N-myristoy!amino)-1  -phe¬ 
nyl-1  -propanol:  FBI.  fumomsin  B1:  PARP.  DOlyfADP-riDosei 
polymerase 


Introduction 

The  anthracyclme  antibiotics  constitute  an  important  group  of 
drugs  that  have  been  used  to  successfully  produce  regression 
in  disseminated  neoplasias,  including  acute  lymphoblastic 
leukemia,  acute  myeloblastic  leukemia,  Wilm’s  tumor,  soft 
tissue  and  bone  sarcomas,  breast  carcinoma,  ovarian 
carcinoma,  and  many  others.  The  molecular  mechanisms 
responsible  for  the  cytotoxic  effects  of  anthracyclines  in 
malignant  cells  are  not  fully  understood  but  are  mainly 
attributed  to  their  ability  to  intercalate  into  DNA  and  cause 
localized  uncoiling  of  the  double  helix  or  by  stabilization  of  the 
complex  between  DNA  and  topoisomerase  II.1  In  addition, 
anthracyclines  can  mediate  oxygen  free  radical  generation 
originating  from  quinone-generated  redox  activity  that  can 
also  damage  DNA.1 

Ceramide.  a  sphingolipid  produced  by  the  hydrolysis  of 
membrane-associated  sphingomyelin,  has  previously  been 
implicated  as  a  gauge  of  apoptosis  (reviewed  in  2).  Diverse 
apoptotic  stimuli,  including  the  anthracycline  drug  dauno¬ 
rubicin. 3~  9  increase  ceramide  levels,  which  in  turn  leads  to 
activation  of  downstream  signals  important  for  the  apoptotic 
process.  Daunorubicin  triggers  apoptosis  and  ceramide 
generation  by  activating  a  neutral  sphingomyelinase  in  the 
leukemic  cell  lines  U937  and  HL-60.3  whereas  other  studies 
suggest  that  it  stimulates  ceramide  elevation  in  lymphocytic 
P388  and  U937  cells  by  activation  of  ceramide  synthase  in 
the  de  novo  pathway,  rather  than  by  activation  of 
sphingomyelinase  4  Although  Bcl-2  overexpression  inhibits 
ceramide-mediated  apoptosis,  it  does  not  intervene  in 
ceramide  generation  induced  by  daunorubicin.  suggesting 
that  Bcl-2  suppresses  apoptosis  downstream  of  ceramide 
generation.5  In  agreement,  doxorubicin,  another  member  of 
the  anthracycline  family,  induces  apoptosis  in  cardiac 
myocytes  and  activates  the  sphingomyelin-ceramide  path¬ 
way.10  11 

Sphingosine.  formed  from  ceramide  by  ceramidase.  has 
also  been  implicated  in  cell  growth  arrest  and  apoptosis. 
Indeed,  sphingosine  is  rapidly  produced  during  TNFy- 
mediated  apoptosis  in  human  neutrophils12  and  in  cardiac 
myocytes.13  and  is  cap'able  of  inducing  apoptosis  when 
added  exogenously  to  many  cell  types  12  18  More  recently, 
we  found  that  sphingosine  is  also  transiently  produced 
during  the  early  phase  of  Fas-  and  ceramide-induced 
apoptosis  in  Jurkat  T  cells,  acting  in  a  mitochondria- 
dependent  manner.19 

Here,  we  report  that  treatment  of  human  breast  cancer 
MCF7  cells  with  doxorubicin  induces  transient  generation  of 
sphingosine.  preceding  cytochrome  c  release  and  activa¬ 
tion  of  the  executioner  caspase-7.  In  addition,  exogenous 
sohingosine  recapitulates  doxorubicin-induced  apoptosis, 
as  well  as  cytochrome  c  redistribution  and  activation  of 
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caspase-7  in  a  Bc1-xL-sensitive  fashion.  Our  findings 
suggest  the  potential  involvement  of  sphingosine.  in 
addition  to  ceramide.  in  mitochondria-dependent  apoptosis 
triggered  by  doxorubicin  in  human  breast  cancer  MCF7 
cells. 

Results 

In  agreement  with  previous  studies,20  we  found  that  treatment 
of  MCF7  cells  with  doxorubicin  caused  extensive  cell  death 
(Figure  1A).  As  sphingosine  has  been  implicated  in  cytokine- 
induced  apoptosis.12 13 19  it  was  of  interest  to  determine 
whether  treatment  with  doxorubicin  could  also  induce 
apoptosis  in  a  manner  dependent  on  sphingosine  genera¬ 
tion.  After  treatment  with  1  /<g/ml  doxorubicin,  a  therapeutic 
concentration,  sphingosine  levels  significantly  increased  by 
16  h,  peaked  at  24  h,  and  declined  thereafter  (Figure  IB). 
Interestingly,  sphingosine  levels  also  somewhat  increased  in 
untreated  cells,  probably  as  a  result  of  changing  to  fresh 
serum-free  media,  in  agreement  with  previous  studies 
demonstrating  that  sphingolipid  synthesis  was  stimulated  by 
replacement  of  the  media  21,22  In  line  with  previous  studies  in 
other  cell  types.12,13  15~ 19,23,2d  addition  of  exogenous 
sphingosine  also  induced  apoptosis  in  MCF7/Fas  cells  in  a 
time-  (Figure  1  A)  and  concentration-dependent  manner  (data 
not  shown). 

To  examine  the  possibility  that  sphingosine-induced  cell 
death  might  be  due  to  its  conversion  to  ceramide  by  the 
action  of  ceramide  synthase,  we  investigated  the  effect  of 
the  mycotoxm  fumonisin  B1.  a  competitive  inhibitor  of 


ceramide  synthase.25  Treatment  of  MCF7/Fas  cells  with 
25  //M  fumonisin  B1  had  no  effect  on  cell  death  induced  by 
doxorubicin  (Figure  2A)  nor  did  it  affect  the  extent  of  cell 
death  induced  by  sphingosine  (Figure  2B).  However, 
surprisingly,  a  higher  concentration  of  fumonisin  B1 
(100 //M)  inhibited  cell  death  in  MCF7/Fas  cells  treated 
with  doxorubicin  to  a  lesser  extent  than  that  induced  by 
sphingosine  (Figure  2C).  These  data  suggest  that 
sphingosine-  and  doxorubicin-induced  cell  death  in  MCF7' 
Fas  cells  is  partially  dependent  on  ceramide  synthase 
activity. 

The  generation  of  sphingosine  during  cell  death  induced 
by  doxorubicin  suggests  that  the  increase  in  sphingosine 
might  result  from  degradation  of  ceramide.  This  is  a  likely 
possibility,  as  sphingosine  is  not  synthesized  de  novo  and 
can  only  be  produced  by  metabolism  of  ceramide20  To 
gain  further  insight  into  the  relative  function  of  endogenous 
sphingosine.  we  used  the  ceramidase  inhibitor,  dMAPP  26 
Treatment  of  MCF7/Fas  cells  with  5  //M  dMAPP  not  only 
attenuated  cell  death  induced  by  doxorubicin  (Figure  3A). 
but  also  surprisingly,  that  induced  by  exogenous  sphingo¬ 
sine  to  an  even  greater  extent  (Figure  3B). 

Because  overexpression  of  Bcl-2  or  Bcl-xL  protects 
against  diverse  apoptotic  stimuli,  including  ceramide- 
induced  apoptosis.5,19,27"30  it  was  important  to  determine 
whether  the  effects  of  sphingosine  were  also  blocked  by 
these  proteins.  MCF7/Fas  cells  stably  overexpressing  Bcl- 
xL  were  treated  with  doxorubicin  or  sphingosine  and  cell 
death  was  measured,  in  agreement  with  the  anti-apoptotic 
effects  of  Bcl-xL  family  members  in  other  cell  types. 
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■  Doxorubicin 


Time  (h) 


Figure  1  Tne  effect  of  doxorubicin  on  cell  death  and  sphingosine  levels  in  MCF7  cells  (At  MCF7  Fas  cells  were  treated  with  1  „g/mt  of  doxorubicin  (filled  souares' 
o-  lOi/M  sohinoosme  (open  sauares)  for  tne  indicated  times.  The  Dercentage  of  cell  deatn  was  assessed  bv  tne  MTT  assay.  Tne  values  are  means  of  triplicate 
determinations  -  S.D.  Similar  results  were  obtained  in  tnree  additional  experiments.  (B)  Spnmgosine  levels  were  measured  in  MCFT  Fas  cells  cultured  in  serum- 
free  media  witnouf  tuntreatedi  or  with  i , ip-ml  doxoruoicm  for  tne  indicated  times  Results  are  means r  S.D  o*  tnree  independent  experiments  pertormea  r 
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— ■ —  without  FBI  without  FBI  □ 


Time  (h)  Time  (h) 


Figure  2  Effects  of  fumomsin  Bl  on  celt  death.  iA)  MCF7'Fas  ceiis  were  pre-mcubatea  without  (filled  squares)  or  with  (open  squares)  25  fumomsin  B1  for 
30  mm  in  serum-free  medium  and  then  1  ug/ml  doxorubicin  was  added  for  the  indicated  times.  (B)  MCF7/Fas  cells  were  pre-incubated  without  (filled  squares)  or 
with  (open  squares)  25//M  fumomsin  Bl  for  30 mm  in  serum-free  medium  and  men  incubated  in  the  Dresence  of  10uM  sphingosine  for  the  indicated  times.  (C) 
MCF7/Fas  cells  were  incubated  in  the  presence  of  1  ug/ml  doxorubicin  or  1 0  uM  sphingosine  without  or  with  100  uM  fumomsin  81  for  72  h.  The  percentage  of  cell 
death  was  assessed  by  the  MTT  assay.  The  values  are  means  rS.D.  of  triplicate  determinations 


A. 


B. 


Time  (h)  Time  (h) 


Figure  3  Effects  of  dMAPP  on  cell  death.  MCF7/Fas  cells  were  incubated  without  (filled  squares)  or  with  (open  squares)  5  uM  dMAPP  for  30  min  and  then  1  ug/ml 
doxorubicin  (A)  or  10  uM  sphingosine  (B)  were  added  for  the  indicated  times  The  percentage  of  cell  death  was  assessed  by  the  MTT  assay.  The  values  are 
means  rS.D.  of  triplicate  determinations 


including  human  small  cell  lung  cancer  cells,3  neurobias-  induced  cell  death  and  completely  protected  against 
toma  cells,32  myeloid  leukemia  HL-60  cells33,34  and  U937  sphingosine-induced  cell  death  (Figure  4A).  However,  Bcl- 
cells.35  overexpression  of  Bc!-xL  inhibited  doxorubicin-  xL  expression  did  not  have  any  significant  effect  on  the 
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Figure  4  Bcl-xL  overexpression  blocks  aoxorubicin-induced  cell  death  bu: 
not  sphingosine  generation.  (A)  MCF7/Fas  and  MCF7/Fas/Bct-Xi_  celis  were 
treated  with  1 /ig/mi  doxorubicin  or  10 /iM  sphingosine  and  cell  death  was 
assessed  by  the  MTT  assay.  The  values  are  means rS.D.  of  triplicate 
determination.  This  experiment  was  repeated  three  times  with  similar  results 
(B)  Sphingosine  levels  were  determined  in  MCF7/Fas  and  MCF7/Fas/Bcl-x^ 
cells  treated  with  1  /ig/ml  doxorubicin  for  the  indicated  times.  Results  are 
means  ±S.D.  of  three  independent  experiments  performed  m  triplicate 


increase  in  sphingosine  induced  by  doxorubicin  (Figure 
4B).  These  results  suggest  that  the  sphingosine  increase  is 
not  merely  a  consequence  of  cell  death  as  it  is  also 
observed  in  the  Bcl-xL  overexpressing  cells  which  do  not 
die  and  imply  that  sphingosine  may  act  upstream  of  Bcl-xL 
Because  our  previous  findings  suggested  that  sphingo¬ 
sine  may  function  proximal  to  executioner  caspases  in 
Jurkat  T  lymphoma  cells,19  we  next  investigated  whether 
doxorubicin  and  sphingosine  activated  executioner  cas¬ 
pases  in  MCF7/Fas  cells.  Based  on  their  substrate 
specificities,  caspase-3,  -2.  and  -7.  believed  to  be  the 
final  executioner  caspases.  belong  to  the  group  II  subfamily 
that  preferentially  cleave  the  peptide  sequence  DExD  found 
in  numerous  death  substrates.36  Proteolytic  activation  of 
these  caspases  was  examined  by  Western  blotting 
analysis.  Only  caspase-7  was  activated  by  both  doxorubi¬ 
cin  (Figure  5A)  and  sphingosine  (Figure  5C)  in  MCF7/Fas 
cells.  Surprisingly,  although  caspase-2  is  clearly  expressed 
in  MCF7/Fas  cells,  it  was  not  cleaved  after  treatment  with 
doxorubicin  (Figure  5B)  or  sphingosine  (Figure  5D) 


not  activate  casoase-2  (Figure  5F).  whereas  caspase-7 
was  processed  to  the  active  fragment  (Figure  5E).  As  the 
MCF7  cell  line  is  devoid  of  caspase-3  owing  to  the 
functional  deletion  of  the  CASP-3  geneT1  caspase-7 
appears  to  be  the  only  executioner  caspase  activated  in 
these  cells.  Despite  activation  of  caspase-7.  Ac-DEVD- 


0  24  48  72  h  -  + 

MCF7/Fas  MCF7/Fas/ 

BclxL 

Figure  5  Activation  of  caspase-7  and  caspase-2  in  response  to  doxorubicin, 
sphingosine.  and  anti-Fas  mAb.  MCF7/Fas  and  MCF7/Fas/Bci-xL  cells  were 
incubated  in  serum-tree  conditions  without  ( — )  or  with  (+)  1  //g/m!  doxorubicin 
(A.  B).  10  nM  sphingosine  (C,  D).  or  50ng/ml  anti-Fas  mAb  (E,  F)  and  extracts 
prepared  at  tne  indicated  times  or  72  h  tor  MCF7/Fas/Bcl-xL  cells.  Proteins 
were  resolved  by  15°c  SDS-PAGE.  blotted,  and  probed  with  anti-caspase-7 
antibody  fA.C.E),  or  witn  anti-caspase-2  antibody  (B.D.F),  Migrations 
indicated'  active  subunit  p20  of  casoase-7:  full-length  caspase-2 


AMC-cieaving  activity  was  not  detectably  increased  after 
treatment  of  MCF7/Fas  cells  with  sphingosine  or  doxor¬ 
ubicin  (data  not  shown),  likely  a  result  of  the  deficiency  of 
caspase-3  activity. 

Having  established  that  doxorubicin-  and  sphingosine- 
induced  cell  death  was  prevented  by  Bcl-xL  overexpression, 
we  also  examined  caspase  activation  in  MCF7/Fas/Bcl-x^ 
cells.  As  shown  in  Figure  5A.C.E,  activation  of  caspase-7  in 
these  cells  was  markedly  inhibited  by  overexpression  of 
Bcl-xL. 

After  initiation  of  the  apoptotic  program,  release  of 
cytochrome  c  from  mitochondria  plays  an  important  role  in 
activation  of  downstream  caspases.  Cytochrome  c  binds  to 
Apaf-1.  a  mammalian  homologue  of  the  Caenorhabditis 
efegans  death-promoting  CED-4  protein,  inducing  it  to 
associate  with  caspase-9.  thereby  triggering  its  autoactiva- 
tion  into  a  mature  form,  which  in  turn  can  then  directly 
cleave  caspase-3  or  -7  (reviewed  in42-44).  Because 
expression  of  Bcl-xL  has  been  shown  to  interfere  with 
cytochrome  c  release.44  we  next  determined  whether 
doxorubicin  and  sphingosine  could  also  trigger  mitochon¬ 
drial  cytochrome  c  release.  As  shown  in  Figure  6A. 
treatment  with  doxorubicin  resulted  in  a  significant 
increase  in  cytosolic  cytochrome  c  levels  by  24  h.  This  is 


Cell  Death  and  Differentiation 


Sphingosine  in  doxorubicin-induced  apoptosis 

0  Cuviliier  et  ai 


U). 

166 


MCF7/Fas/ 

MCF7/Fas  BclxL 

mit.  fr.  -  ‘ 

Con  -  ♦ 


A. 

• 

• 

—  Cyt  c 

B. 

• 

_  Cytochrome 
oxidase  II 

C. 

— 

— 

—  Cyt  c 

D. 

_  Cytochrome 
oxidase  II 

Figure  6  Cytosolic  accumulation  of  cytochrome  c  induced  by  doxorubicin  or 
spnmgosine  is  inhibited  by  Bcl-xL  overexpression.  MCF7/Fas  and  MCF7/Fa$/ 
Bcl-xL  celts  treated  without  ( - )  or  with  (+)  t  //g/ml  doxorubicin  ( A,  B)  or  1 0  i;M 
sphingosine  (C,  D)  were  harvested  after  48  h.  and  cytosolic  and  mitocnondnai 
proteins  were  separated  by  15%  SOS -PAGE  and  analyzed  by  immunoblot- 
ting  with  anti-cvtochrome  c(A,  C)  or  anti-cytochrome  oxidase  (subunit  II;  B,  D) 
Cytochrome  oxidase  serves  as  a  marker  for  mitochondrial  contamination  of 
cytosolic  extracts.  A  mitochondrial  extract  from  nontreated  cells  (mit.  Fr.  Con) 
was  used  as  a  positive  control  for  cytochrome  c  and  cytocnrome  oxidase 
(subunit  II) 


in  agreement  with  a  previous  study  establishing  cytochrome 
c  release  upon  doxorubicin  treatment  in  neuroblastoma 
cells 32  Similarly,  treatment  with  exogenous  sphingosine 
also  caused  accumulation  of  cytochrome  c  in  the  cytosol 
(Figure  6C).  Cytochrome  c  release  induced  by  doxorubicin 
or  sphingosine  was  prevented  by  Bcl-xL  overexpression 
(Figure  6A,C).  The  absence  of  detectable  cytochrome 
oxidase  in  cytosolic  extracts  confirmed  that  our  prepara¬ 
tions  were  free  of  mitochondrial  contamination  (Figure  6B. 
D). 

As  doxorubicin  and  sphingosine  were  capable  of 
inducing  caspase-7  activation  as  well  as  cytochrome  c 
translocation  to  the  cytosol,  it  was  important  to  determine 
whether  cytochrome  c  mediated  activation  of  caspase-7  in 
caspase-3  null  MCF7  cells.  When  cytochrome  cwas  added 
in  vitro  to  cell-free  MCF7/L/neo  extracts  in  the  presence  of 
1  mM  dATP,  cleavage  of  caspase-7  increased  with  time  of 
incubation  (data  not  shown)  and  cytochrome  c  concentra¬ 
tion  (Figure  7D).  However,  as  recently  reported,45 
DEVDase  activity  was  only  slightly  increased  under  these 
conditions  (Figure  7A),  presumably  owing  to  the  absence  of 
caspase-3  in  these  cells  (Figure  7C).  Interestingly,  but  in 
line  with  our  results  showing  that  caspase-2  was  not 
processed  in  apoptotic  MCF7/Fas  cells  (Figure  5B,D,F),  no 
activation  of  caspase-2  was  detected  in  this  in  vitro  system 
(Figure  7E).  These  results  demonstrate  that  cytochrome  c- 
dependent  caspase-7  activation  can  take  place  in  caspase- 
3  deficient  MCF7  cell  lines.  In  a  comparative  in  vitro  study 
performed  with  MCF7/L  cells  stably  expressing  caspase-3 
(denoted  MCF7/L/casp-3),  processing  of  caspase-3  (Figure 
7C)  was  accompanied  by  increased  cleavage  of  caspase-7 
(Figure  7D).  Furthermore,  increased  processing  of  cas¬ 
pase-2  (Figure  7E)  demonstrates  that  caspase-3  activation 
is  required  for  proteolysis  of  caspase-2.  Likewise,  MCF7/L/ 
casp-3  extracts  have  several  fold  higher  DEVDase  activity 


MCF-7/L/neo  MCF-7/Ucasp-3 
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Figure  7  Cytochrome  c-imtiated  activation  of  casoases  in  a  cell-free  system 
from  MCF7/L/neo  and  MCF7/L'casp3  cells.  (A)  DEVDase  activity  was 
measured  with  the  fluorogemc  substrate  Ac-DEVD-AMC  in  cytosolic  extracts 
from  MCF7/Lneo  cells  treated  without  or  with  the  indicated  concentrations  of 
horse  heart  cytochrome  cfor  30  mm  (open  squares)  or  90 min  (filled  squares) 
at  37  C.  Results  are  means  rS.D.  of  at  least  three  independent  experiments 
performed  in  triplicate.  (B)  DEVDase  activity  was  measured  in  cytosolic 
extracts  from  MCF7/Lcasp3  cells  treated  without  or  with  the  indicated 
concentrations  of  horse  heart  cytochrome  c  for  30  mm  (open  squares)  or 
90  min  (filled  squares)  at  37  C.  Results  are  means  ±S.D.  of  at  least  three 
independent  experiments.  Cytosolic  extracts  from  MCF7/L/neo  cells  treated 
without  or  with  the  indicated  concentrations  of  horse  heart  cytochrome  c  for 
90  mm  at  37  C  were  separated  by  SDS-PAGE  and  analyzed  by 
immunoblottmg  with  anti-caspase-3  (C),  anti-caspase-7  (D),  or  anti-caspase- 
2  (E).  Migrations  indicated;  full-length  caspase-3.  cleavage  intermediate  p20; 
active  subunit  pi 7:  active  subunit  p20  of  caspase-7;  full-length  caspase-2 


than  MCF7/L/neo  extracts,  probably  as  a  result  of  the 
combined  activity  of  caspase-3  and  caspase-7.  In  contrast 
to  cytosolic  extracts  prepared  from  MCF7  cells  and  in 
agreement  with  previous  results,  complete  processing  of 
caspase-9  46-3  46  47-7  46  47  and  -246  was  readily  observed 
in  cytosolic  extracts  prepared  from  Jurkat  cells  incubated 
with  a  concentration  of  cytochrome  c  as  low  as  10  //g/ml 
within  30  min  (Figure  8A-D).  Moreover,  cytochrome  c- 
triggered  caspase  activation  resulted  in  rapid  cleavage  of 
PARP  (Figure  8E),  confirming  that  this  in  vitro  system 
recapitulates  the  apoptotic  cascade  from  initiation  of 
executioner  caspases  activation  to  cleavage  of  death 
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Figure  8  Cvtochrome  c-imtiated  activation  of  casp-9.  -3.  -7.and  -2.  and 
cleavage  of  PARP  in  JurKat  cell  extracts.  Cytosoiic  extracts  from  Jur«at  T  ceiis 
treated  without  or  with  the  indicated  concentrations  of  norse  nean  cvtocnrome 
c  tor  30  min  at  37  C  were  separatee  Dy  SDS-PAGE  ana  anaiyzeo  py 
immunoblotting  witn  anti-caspase-9  (A).  anti-caspase-3  (B).  anti-caspase- 
(C).  anti-casDase-2  (Di.  anti-PARP  (Ei.  Migrations  indicated'  full-length 
caspase-9.  cleavage  intermediate  p35:  full-length  caspase-3.  cleavage 
intermediate  p20.  active  subunit  p  1 7  active  subunit  p20  of  caspase-7:  tuii- 
length  caspase-2.  full-length  PARP.  active  form  p89 


anti-Fas  (50  ng/ml) 


substrates.  Taken  together,  these  assays  demonstrate  that 
caspase-7  does  not  require  the  presence  of  caspase-3  to 
be  activated  in  MCF7  cells,  although  overexpression  of 
caspase-3  does  enhance  its  processing. 

The  Fas  receptor/ligand  system  has  been  proposed  to 
play  a  role  in  doxorubicin-mediated  apoptosis  48-50  Levels 
of  FasL  protein  were  examined  by  Western  blotting  to 
determine  whether  its  expression  was  increased  by 
doxorubicin  or  sphingosine  treatment.  There  were  no 
detectable  changes  in  FasL  protein  expression  discernible 
after  doxorubicin  (Figure  9C)  or  sphingosine  treatment 
(Figure  9E).  To  further  examine  the  possible  requirement 
for  Fas  signaling  in  cell  death  induced  by  doxorubicin  in 
MCF7/Fas  cells,  we  determined  whether  caspase-8  could 
be  activated.  Caspase-8  cleavage  often  represents  the  first 
detectable  event  in  Fas  death  receptor-mediated  apopto¬ 
sis  51  Notwithstanding,  in  type  II  cells,  such  as  Jurkat  T 
cells,  caspase-8  can  be  activated  in  a  post-mitochondrial 
manner,  and  sphingosine  treatment  can  lead  to  caspase-8 
processing  in  this  cell  type.19  As  shown  in  Figure  7B. 
caspase-8  was  only  activated  in  anti-Fas  mAb-treated.  but 
not  in  doxorubicin-  (Figure  9D)  or  sphingosine-treated 
(Figure  9F)  MCF7/Fas  cells.  In  agreement  with  previous 
studies.3740,52  Bcl-xL)  which  strongly  inhibits  apoptosis,  had 
no  effect  on  the  processing  of  caspase-8  induced  by  Fas 
ligation  (Figure  9B).  Together,  these  findings  negate  a  role 
for  the  Fas  ligand/receptor  signaling  in  doxorubicin-induced 
cell  death  in  MCF7  carcinoma  cells. 


Doxorubicin  (1  Mg/ml) 


Sphingosine  (10  pM) 


0  24  48  72  h 

MCF7/Fas  MCF7/Fas/ 

BclxL 

Figure  9  Caspase-8  activation  and  Fast  expression  m  response  to 
doxorubicin,  spningosine.  or  anti-Fas  mAO.  MCF7'Fas  and  MCF7/Fas.'Bci-x_ 
cells  were  incubated  in  serum-free  conditions  witnou: 1  ~  t  or  with  i+)  50no'm 
anti-Fas  mAb  (A,  Bi.  1  »g.'m!  doxorubicin  (C.  Di.  or  10  nM  spningosine  (E.  F 
and  extracts  prepared  at  the  indicated  times  or  72  n  for  MCF7/Fas/Bci-xL  cens 
Proteins  were  resolved  by  15:c  SDS-DAGE  Plotted  and  orooea  with  an:  ■ 
FasL  antibody  (A.  C.  E).  or  witn  anti-casoase-8  (B.  D.  Fi  Migrations  indicated 
full-iengtn  casoase-8:  FasL 


Discussion 

Accumulating  evidence  indicates  that  chemotherapeutic 
agents  such  as  anthracyclines  kill  neoplastic  cells  by  the 
induction  of  apoptosis.  Although  the  pathways  involved  in  cell 
death  induced  by  these  agents  are  not  fully  understood, 
abundant  reports  have  suggested  that  the  sphingolipid 
ceramide  play  an  important  role  in  apoptosis  initiated  by 
anthracyclines. : 

Accumulation  of  glucosylceramides.  simple  glycosylated 
forms  of  ceramide.  is  a  feature  of  some  multidrug-resistant 
cancer  cells  and  tumors  from  patients  who  are  less 
responsive  to  chemotherapy,  demonstrating  a  correlation 
between  cellular  drug  resistance  and  alterations  in 
ceramide  metabolism.53  Reduction  of  ceramide  levels  by 
transfection  with  glucosylceramide  synthase,  the  enzyme 
that  converts  ceramide  to  glucosylceramide.  confers 
doxorubicin  resistance  in  MCF7  cells.54  Conversely, 
transfection  of  antisense  glucosylceramide  synthase  to 
limit  cellular  ceramide  glycosylation,  overcomes  doxorubi¬ 
cin  resistance.55  Hence,  tumor  cells  may  have  reduced 
sensitivity  to  chemotherapy  because  of  an  inability  to 
produce  sufficient  apoptotic  signal  via  sphingomyelin 
hydrolysis  to  ceramide.56  Indeed,  sphingomyelin  co-admin¬ 
istration  potentiates  chemotherapy  of  human  cancer 
xenografts.* 

In  contrast  to  doxorubicin,  which  induces  apoptosis  only 
in  human  epidermoid  carcinoma  KB-3-1  cells  and  not  in  a 
multidrug-resistant  subclone  that  expresses  P-glycoprotein. 
the  ceramide  breakdown  product,  sphingosine.  induces 
apoptosis  in  both  cell  types.14  Furthermore,  neither  the 
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protein  kinase  C  (PKC)  inhibitor  H7  nor  staurosporine 
induced  apoptosis  in  these  cell  lines,  suggesting  that  PKC- 
independent  signaling  is  involved  in  apoptosis  induced  by 
sphingosine.14  An  analog  of  sphingosine.  L-threo-dihydro- 
sphingosine  (known  as  safingol),  enhanced  doxorubicin 
accumulation  and  sensitivity  of  MCF7  drug  resistant  cells. 
However,  this  effect  correlated  with  inhibition  of  PKC  rather 
than  interference  with  P-glycoprotein  drug  binding.58 
Because  sphingosine  and  its  analogs  induce  apoptosis 
regardless  of  P-glycoprotein  expression,  they  may  provide 
a  new  strategy  for  the  treatment  of  anticancer  drug- 
resistant  cancers.  Indeed,  in  pilot  clinical  phase  I  trials 
with  safingol.  which  potentiates  the  effect  of  doxorubicin  in 
tumor-bearing  animals,  it  was  found  that  safingol  can  be 
given  safely  with  doxorubicin  at  a  dose  that  is  potentially 
pharmacologically  active  without  dose-limiting  toxicity.59 

The  results  presented  here  demonstrate  that  transient 
generation  of  endogenous  sphingosine  also  occurs  in 
MCF7  breast  cancer  cells  during  apoptosis  induced  by 
the  anthracycline  doxorubicin,  preceding  release  of 
cytochrome  c  from  the  mitochondria  and  activation  of  the 
executioner  caspase-7.  Similar  to  doxorubicin,  exogenous 
sphingosine  induced  apoptosis  in  a  caspase-7-dependent 
manner.  Consistent  with  other  studies.31"35  overexpression 
of  Bcl-xL  protected  MCF7  cells  from  doxorubicin-induced 
apoptosis  and  rendered  them  resistant  to  sphingosine- 
induced  apoptosis,  even  though  Bcl-xL  overexpression  did 
not  inhibit  sphingosine  generation  after  doxorubicin  treat¬ 
ment.  Despite  the  lack  of  caspase-3,  MCF7  cells  underwent 
apoptosis  suggesting  that  other  executioner  caspases. 
such  as  caspase-7  or  -2  may  be  activated.  In  this  study, 
we  established  that  caspase-7  is  indeed  activated  during 
apoptosis  of  MCF7  cells.  Furthermore,  even  in  a  cell-free 
caspase  activation  assay,  caspase-2.  which  shares  the 
same  substrate  specificity,  was  not  detectably  activated,  in 
agreement  with  previous  studies  showing  that  caspase-2 
was  not  processed  in  MCF7  cells  following  TNF?  or 
staurosporine  treatment.60  However,  introduction  of 
CASP-3  cDNA  into  MCF7  cells  restored  caspase-2 
cleavage.  To  date,  caspase-3-dependent  caspase-2  activa¬ 
tion  has  only  been  reported  in  Jurkat  T  cell  extracts 
immunodepleted  of  caspase-3  46  Thus  our  results  support 
the  notion  that  activation  of  caspase-2  but  not  -7  depend  on 
the  presence  of  caspase-3. 

Our  observations  establish  that  cytochrome  c-inducible 
caspase-7  activation  takes  place  in  caspase-3  null  MCF7 
cells  during  apoptosis  and  raises  the  possibility  that 
caspase-7  may  be  able  to  compensate  for  the  lack  of 
caspase-3,  as  overexpression  of  caspase-3  in  MCF7  cells 
did  not  greatly  enhance  their  apoptotic  susceptibility  (data 
not  shown).  Our  results  also  demonstrate  that  activation  of 
Fas/FasL  signaling  is  not  involved  in  apoptosis  triggered  by 
doxorubicin  in  MCF7  breast  carcinoma  cells.  In  addition. 
caspase-8,  the  first  caspase  to  be  processed  in  death 
receptor-mediated  apoptosis.51  was  only  proteolyzed  when 
cells  were  treated  with  anti-Fas  mAb.  whereas  caspase-8 
was  not  activated  during  doxorubicin-induced  apoptosis. 

Interestingly,  we  have  found  that  the  involvement  of 
sphingolipid  metabolites  in  cell  death  machinery  triggered 
by  doxorubicin  may  be  more  complex  than  previously 


thought.  Accumulation  of  ceramide  in  anthracycline- 
mediated  cell  death  has  been  shown  to  be  due  to 
activation  of  sphingomyelinase3  or  ceramide  synthase.4  In 
agreement,  our  results  suggest  that  doxorubicin  might  in 
fact  activate  both  pathways  to  mediate  cell  death,  de  novo 
sphingolipid  synthesis4  and  a  sphingolipid  degradation 
pathway  mediated  by  a  sphingomyelinase3  and  a  cerami- 
dase.  Unexpectedly,  we  found  that  cell  death  induced  by 
exogenous  sphingosine  was  inhibited  by  ceramide 
synthase  or  ceramidase  inhibitors.  These  findings  support 
the  notion  that  exogenously  added  sphingosine  can  first  be 
converted  to  ceramide.  which  can  then  be  hydrolyzed  to 
sphingosine  by  the  action  of  a  ceramidase,  presumably  in 
another  compartment. 

In  sum,  our  results  suggest  that  sphingosine,  the 
metabolite  of  ceramide,  is  also  involved  in  the  doxorubi¬ 
cin-mediated,  Bcl-xL  inhibitable  pathway  of  apoptosis  in 
human  breast  cancer  cells. 

Materials  and  Methods 

Cell  culture  and  reagents 

The  MCF7/L  cell  variant  was  obtained  from  the  Cell  Culture  Core 
Resource  (Lombardi  Cancer  Center.  Washington.  DC,  USA),  and  was 
maintained  in  RPMI  1640  containing  10%  fetal  bovine  serum,  1%  L- 
glutamme  and  1%  penicillin/streptomycin.  MCF7  cells  stably 
transfected  to  express  the  Fas  antigen  (denoted  MCF7/Fa$)  or  both 
Fas  and  Bcl-xL  (denoted  MCF7/Fas/Bcl-xL)  were  a  kind  gift  of  Dr. 
Vishva  Dixit  (Genentech  Inc.,  San  Francisco.  CA,  USA),  and  were 
grown  in  the  same  media  supplemented  with  200  /xg/ml  G418  and 
1 50  iig/ml  hygromycin.  The  MCF7/L/neo  and  MCF7/L/casp-3  cell  lines 
were  obtained  by  transfecting  MCF7/L  cells  with  either  empty  pcDNA3 
or  pcDNA3  engineered  to  express  caspase-3.  respectively  (the  CASP- 
3  expression  vector  was  a  kind  gift  of  Dr.  Donald  Nicholson.  Merck- 
Frosst  Centre  for  Therapeutic  Research.  Pointe  Claire-Dorval. 
Quebec).  These  cells  were  propagated  in  the  same  media  containing 
1  mg/m!  G418. 

Cells  were  subcultured  twice  weekly  and  48  h  prior  to  the  initiation 
of  an  experiment.  For  induction  of  apoptosis,  cells  at  *$60-75% 
confluence  were  treated  in  serum-free  media  with  either  doxorubicin 
(Sigma),  anti-Fas  antibody  (Upstate  Biotechnology,  Lake  Placid.  NY. 
USA)  or  sphingosine  (Biomol,  Plymouth  Meeting,  PA.  USA).  Jurkat  T 
cells  were  cultured  in  RPMI  1640  containing  10%  FBS. 

Ac-DEVD-AMC  was  from  Bachem  (King  of  Prussia.  PA,  USA).  3- 
(4.5-Dimethylthiazol-2-yl)-2.5-diphenyltetrazolium  bromide  (MTT), 
horse  heart  cytochrome  c  and  phosphocreatine  were  from  Sigma. 
ATP,  dATP  and  rabbit  muscle  creatine  kinase  were  from  Roche 
Diagnostics.  [y-32P]ATP  (3000  Ci/mmol)  was  from  NEN  Life  Science, 
FBI  and  dMAPP  were  from  Biomol  (Plymouth  Meeting,  PA,  USA). 
Other  reagents  and  solvents  were  analytical  grade. 

Mass  measurement  of  sphingosine 

Sphingosine  was  measured  after  phosphorylation  to  sphingosine-1- 
phosphate.  using  recombinant  sphingosine  kinase  as  described  by 
Olivera  et  a/.61  For  each  experiment,  known  amounts  of  sphingosine 
were  used  to  generate  a  standard  curve.  Total  phospholipids  mass  in 
the  lipid  extracts  was  quantified  as  previously  described62  using  a 
colorimetric  phosphate  assay.63 
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Cell  death  assay 

The  tetrazolium  based  MTT  assay  was  used  to  determine  cell 
death  as  previously  described  64  Briefly,  approximately  5000  cells 
per  well  were  plated  in  96-well  tissue  culture  plates  as  described 
above,  and  24  h  later,  the  medium  was  replaced  with  100  u\ 
serum-free  medium  containing  the  indicated  amounts  of  doxor¬ 
ubicin,  anti-Fas  antibody,  or  sphingosine.  After  various  times  of 
incubation  at  37  C.  25  u\  of  MTT  solution  (5  mg/ml)  was  added  and 
the  plates  were  incubated  for  approximately  4  h.  After  solubilization 
for  16  h  with  100  «l  of  lysis  buffer  (20%  SDS  in  50%  N.N- 
dimethylformamide),  formazan  was  quantified  with  a  microplate 
reader  at  a  wavelength  of  570  nm. 

Preparation  of  mitochondria  and  Western  blot 
analysis  of  cytochrome  c 

Mitochondrial  preparations  were  carried  out  as  previously  de¬ 
scribed 65  In  brief,  celis  were  collected  by  centrifugation  at  600  x  g 
for  5  min  at  4  C.  After  washing  once  with  ice-cold  PBS.  mitochondrial 
and  cytosolic  fractions  were  prepared  by  resuspending  cell  pellets  in  5 
vol  of  ice-cold  buffer  A  (20  mM  HEPES-KOH  pH  7.5.  0.1%  BSA.  1  mM 
sodium  EDTA.  1  mM  DTT.  0.1  mM  PMSF.  20  /jg/ml  leupeptm.  10  u g 
ml  aprotinin  and  10  i/g/ml  pepstatin  A]  containing  250  mM  sucrose 
After  swelling  on  ice  for  1 5  min.  celis  were  homogenized  with  1 5  to  20 
strokes  of  a  number  22  Kontes  Dounce  homogenizer  with  a  B  pestle 
(Kontes  Glass  Company,  Vineland.  NJ.  USA),  and  the  homogenates 
centrifuged  at  750  x  p  for  5  min  at  4  C.  Supernatants  were  then 
centrifuged  at  10  000  xg  for  15  min  at  4  C,  and  the  resulting 
mitochondria  pellets  resuspended  in  cold  buffer  A.  For  Western  blot 
analysis,  equal  amounts  of  mitochondrial  and  cytosolic  proteins  were 
separated  on  15%  SDS -PAGE  and  then  transblotted  to  nitrocellulose 
Anti-cytochrome  c  mAb  (PharMingen)  and  anti-cytochrome  oxidase 
subunit  II  mAb  (Molecular  Probes.  Eugene,  OR.  USA)  were  used  as 
primary  antibodies. 


Western  blot  analysis 

Cell  lysate  preparation  and  Western  blotting  were  carried  out  as 
previously  described  65,66  Rabbit  anti-caspase-3  (gift  of  Dr,  Donalc 
Nicholson.  Merck-Frosst  Centre  for  Therapeutic  Research.  Points 
Claire-Dorval.  Quebec),  mouse  anti-caspase-8  (PharMingen,  Sar 
Diego.  CA.  USA),  rabbit  anti-caspase-7.  rabbit  anti-caspase-2  (Santa 
Cruz  Biotechnology),  rabbit  anti-caspase-9  (Research  Diagnostic 
Flanders,  NJ.  USA  or  Oncogene  Research).  anti-PARP  (PnarMingen). 
and  anti-FasL  (Transduction  Laboratories.  Lexington.  KY.  USA)  were 
used  as  primary  antibodies.  Proteins  were  visualized  by  ECL  using 
anti-rabbit  or  anti-mouse  HRP-conjugated  igG  (Bio-Rad). 

Fluorogenic  DEVD  cleavage  enzyme  assays 

Enzyme  reactions  were  performed  in  96-well  plates  with  20  ug  of 
cytosolic  proteins  and  a  final  concentration  of  20  «M  Ac-DEVD-AMC 
substrate  as  previously  described  65,66 

In  vitro  assay  for  cytochrome  c-dependent 
activation  of  caspases 

Cytosolic  fractions  (40  u\.  400  «g  proteins),  prepared  as  describee 
above,  were  incubated  at  37  C  tor  various  times  in  96-well  plates  in  a 
final  volume  of  200  u\  in  buffer  B  (10  mM  HEPES  pH  7.4.  2  mM  MgC-2 
5  mM  sodium  EGTA.  5  mM  DTT.  1  mM  ATP.  1  mM  PMSF.  10  //g/m 
leupeptin.  10  ua'ml  aprotinin.  10  »g/ml  pepstatin  A.  10  mM  onosono* 


creatine,  150/rg/ml  creatine  kinase)  supplemented  without  or  with 
1  mM  dATP  and  horse  heart  cytochrome  c.  Proteins  were  then 
separated  by  SDS -PAGE,  blotted,  and  probed  with  anti-caspase  and 
anti-PARP  antibodies. 
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Sphingolipid  signaling  pathways  have  been  implicated  in  many  critical  cellular  events.  Sphingo- 
sine-l-phosphate  (SPP),  a  sphingolipid  metabolite  found  in  high  concentrations  in  platelets  and 
blood,  stimulates  members  of  the  endothelial  differentiation  gene  (Edg)  family  of  G  protein-cou¬ 
pled  receptors  and  triggers  diverse  effects,  including  cell  growth,  survival,  migration,  and  mor¬ 
phogenesis.  To  determine  the  in  vivo  functions  of  the  SPP/Edg  signaling  pathway,  we  disrupted 
the  Edgl  gene  in  mice.  Edgl~/~  mice  exhibited  embryonic  hemorrhage  leading  to  intrauterine  death 
between  E12.5  and  E14.5.  Vasculogenesis  and  angiogenesis  appeared  normal  in  the  mutant 
embryos.  However,  vascular  maturation  was  incomplete  due  to  a  deficiency  of  vascular  smooth 
muscle  cells/pericytes.  We  also  show  that  Edg-1  mediates  an  SPP-induced  migration  response  that 
is  defective  in  mutant  cells  due  to  an  inability  to  activate  the  small  GTPase,  Rac.  Our  data  reveal 
Edg-1  to  be  the  first  G  protein-coupled  receptor  required  for  bloodvessel  formation  and  show  that 
sphingolipid  signaling  is  essential  during  mammalian  development. 

/.  Clin.  Invest.  106:951-961  (2000). 


Introduction 

Sphingolipids  have  emerged  as  important  signaling 
molecules  in  a  variety  of  biologic  processes  (1-3).  SPP 
in  particular  has  come  to  the  fore  as  a  mediator  of  an 
extracellular  signaling  pathway  through  its  interaction 
with  the  family  of  G  protein-coupled  receptors  known 
by  the  acronym,  Edg  (endothelial  differentiation  gene) 
(4).  Edg-1,  the  first  of  these  receptors  described,  was 
identified  as  a  gene  induced  during  human  endothelial 
cell  differentiation  (5).  Activation  of  the  Edg  receptors 
triggers  diverse  effects  including  proliferation,  survival, 
migration,  morphogenesis,  adhesion  molecule  expres¬ 
sion,  and  cytoskeletal  changes  and  has  led  to  the  view 
that  the  Edg  receptor  signaling  pathways  may  have 
important  roles  in  many  physiological  and  pathologi¬ 
cal  events  (reviewed  in  refs.  6-10). 

The  Edg  family  can  be  subdivided  into  either  recep¬ 
tors  for  SPP  or  for  lysophosphatidic  acid.  The  Edg 
receptors  for  SPP  activate  different  and  sometimes 
overlapping  G  protein-mediated  intracellular  signal¬ 
ing  pathways.  For  instance,  Edg-1  couples  directly  to 
the  Gj  pathway,  whereas  Edg-3  and  -5  stimulate  Gi,  Gq, 


and  Gn  pathways  with  differing  degrees  of  potency  (4, 
1 1-14).  Moreover,  the  expression  pattern  of  individual 
Edg  receptors  changes  during  development  and  differ¬ 
entiation,  leading  to  different  combinations  on  cells 
and  tissues  (15-18).  The  diverse  receptor  expression 
and  activation  of  divergent  signaling  pathways  may 
explain  the  pleiotropic  responses  to  SPP  but  have  made 
functional  analysis  difficult. 

To  determine  the  functions  of  the  SPP/Edg- 1  signaling 
pathway,  we  have  disrupted  Edgl  in  mice.  Homozygous 
Edgl  mutant  mice  die  in  utero  due  to  massive  embryon¬ 
ic  hemorrhage.  They  undergo  normal  vasculogenesis  and 
angiogenesis  but  are  severely  impaired  in  vessel  matura¬ 
tion  due  to  a  defect  in  the  recruitment  of  mural  cells  to 
vessel  walls.  The  results  reveal  the  SPP  receptor  Edg-1  as 
mediating  a  novel  G  protein-coupled  signaling  pathway 
required  for  blood  vessel  development. 

Methods 

Generation  of  Edgl  mutant  mice .  To  generate  the  Edgl 
knockout  mice,  we  cloned  a  10-kb  genomic  DNA  frag¬ 
ment  containing  the  entire  Edgl  gene  from  a  129/Sv 
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library.  As  shown  in  Figure  la,  the  Edgl  gene  is  com¬ 
posed  of  two  exons  and  an  intron  (16).  The  second  large 
exon  contains  a  5'-UTR  region,  the  entire  open  reading 
frame  region,  and  approximately  1.8  kb  of  the  3'-UTR 
region.  For  knocking-in  the  LacZ  reporter  gene  and  tar¬ 
geted  inactivation  of  the  Edgl  gene,  a  Ncol  site  in  the 
beginning  of  the  Edgl  open  reading  frame  was  used  to 
insert  zLacZ-neo  (neomycin-resistantgene)  cassette  (19). 
In  the  construct  used  for  disruption  of  the  Edgl  gene, 
the  LacZ  coding  region  is  preceded  by  an  internal  ribo- 
somal  entry  sequence  (20).  Therefore,  targeted  insertion 
generates  a  bi-cistronic  transcription  unit  in  which  the 
expression  of  the  p-galactosidase  reporter  protein  is 
under  the  control  of  Edgl  transcriptional  regulatory  ele¬ 
ments.  The  herpes  simplex  virus  thymidine  kinase  (TK) 
gene  was  located  outside  the  homologous  sequence  to 
prevent  random  integration. 

Gene  targeting  in  TCI  embryonic  stem  (ES)  cells 
and  generation  of  chimeric  and  heterozygous  mice 
were  as  described  previously  (21).  One  targeted  ES 
clone  was  used  to  establish  chimeric  mice,  which 
were  crossed  with  C57BL/6  mice  to  obtain  Edgl  het¬ 
erozygotes.  All  mice  analyzed  were  obtained  from 
intercrosses  of  the  Edgl  heterozygotes.  Edgl  geno¬ 
types  were  determined  by  Southern  blot  and  PCR 
analyses  of  genomic  DNA  isolated  from  ES  cells,  yolk 
sacs  and  tail  biopsies.  For  genotyping  by  PCR,  the 
primers  were:  5'TAGCAGCTATGGTGTCCACTAG3' 
(Primer  1),  5'G ATCCTGCAGTAGAGGATGGC3'  (Primer 
2),  5'TTGGAGTGACGGCAGTTATCTGGA3/  (Primer  3), 
and  5'TCAACCACCGCACGATAGAGATTC3/  (Primer  4). 
Primers  1  and  2  detected  the  wild- type  Edgl  allele  and 
amplified  an  approximately  630-bp  fragment. 
Primers  3  and  4  detected  the  EdglUcZ  allele  and  ampli¬ 
fied  an  approximately  350-bp  fragment.  Forty-Five 
cycles  of  94° C  (1  minute),  55° C  (1  minute),  and  72 °C 
(3  minutes)  were  used. 

Histological  analysis .  Embryos  at  embryonic  days  (E) 
9.5-16.5  were  removed  from  the  mother  after  het¬ 
erozygous  mating.  Then  the  embryos  were  fixed  and 
processed  to  be  embedded  in  paraffin.  Serial  sections 
(5-pm-thick)  were  made  at  15-jim  intervals  and  stained 
with  hematoxylin  and  eosin  (H&E). 

Paraffin  sections  were  deparaffinized  and  rehydrated. 
Antigen  retrieval  was  accomplished  by  30-minute  incu¬ 
bation  at  95  °C  in  Target  Retrieval  Solution  (DAKO 
Corp.,  Carpenteria,  California,  USA).  Endogenous  per¬ 
oxidase  activity  was  quenched  by  incubation  with  5% 
hydrogen  peroxide  in  methanol  for  5  minutes.  Speci¬ 
mens  were  incubated  with  anti-smooth  muscle  a  actin 
(EPOS  anti-SMotA/HRP;  no.  U7033;  DAKO  Corp.)  for  1 
hour  at  room  temperature.  After  washing  with  PBS,  per¬ 
oxidase  reaction  was  visualized  with  diaminobenzi- 
dine/hydrogen  (DAB/hydrogen)  peroxide. 

To  define  the  developmental  and  tissue-specific 
expression  patterns  of  Edgl  through  X-Gal  staining, 
embryos  dissected  out  from  the  decidua  at  various 
developmental  stages  were  fixed  in  2%  formalde¬ 
hyde/2%  glutaraldehyde  in  PBS  for  10  minutes.  They 


were  washed  in  PBS  and  then  incubated  in  PBS  con¬ 
taining  5  mM  K3Fe(CN)6,  2  mM  MgCh,  and  1  mg/ml 
X-Gal  at  37° C  overnight.  Reactions  were  stopped  by 
rinsing  embryos  with  PBS,  followed  by  further  fixation 
in  4%  paraformaldehyde. 

Whole-mount  embryo  immunostaining.  Embryos  were 
dissected  out  and  fixed  in  4%  paraformaldehyde  in  PBS 
at  4°C  overnight.  They  were  then  dehydrated  through 
a  methanol  series  and  stored  in  100%  methanol  at 
-20  °C  The  embryos  were  bleached  in  6%  hydrogen  per¬ 
oxide/methanol  for  1  hour  at  room  temperature  and 
rehydrated  through  a  methanol  series  to  PBS  +  0.1% 
Tween  20  (PBST).  They  were  incubated  in  a  blocking 
solution  (4%  BSA  in  PBST)  twice,  for  1  hour  each  time. 
The  embryos  were  incubated  with  rat  mAb’s 
(anti-PECAM-1:  no.l951D;  anti-CD34:  no.  09431D; 
anti-VE-cadherin:  no.  2809 ID;  PharMingen,  San 
Diego,  California,  USA),  diluted  1:200  in  10%  goat 
serum  and  4%  BSA  in  PBST  at  4°C  overnight.  Embryos 
were  washed  with  4%  BSA  in  PBST  at  room  tempera¬ 
ture  and  then  incubated  with  peroxidase-conjugated 
goat  anti-rat  Ig  in  10%  goat  serum  and  4%  BSA  in  PBST 
at  4°C  overnight.  Peroxidase  reaction  was  visualized 
with  DAB/hydrogen  peroxide. 

RT-PCR  and  immunoblotting.  Total  RNA  was  isolated 
from  E12.5  mouse  embryos  and  cultured  cells  using 
Trizol  (Life  Technologies  Inc.,  Gaithersburg,  Maryland, 
USA)  and  treated  with  DNasel  (Life  Technologies). 
Total  RNA  (5  jag)  was  reverse  transcribed  using  Super¬ 
script  Preamplification  System  (Life  Technologies) 
according  to  the  manufacturer’s  instructions.  PCR  was 
performed  on  2  jil  of  the  RT  reaction  in  a  volume  of  50 
jil  using  AmpliTaq  Gold  polymerase  (Perkin-Elmer 
Corp.,  Norwalk,  Connecticut,  USA).  The  PCR  condi¬ 
tions  were  as  follows:  initial  denaturation  at  95  °C  for 
10  minutes  followed  by  up  to  35  cycles  of  denaturation 
at  95° C  (1  minute),  annealing  at  55 °C  (1  minute),  and 
extension  at  72  °C  (1  min).  Amplified  PCR  products 
were  analyzed  by  electrophoresis  on  a  2%  agarose  gel. 
PCR  primer  pairs  were  as  follows: 

Fit- 1:  (5'TGTG G AG AAACTTGGTG ACCT3', 
5'TGGAGAACAGCAGGACTCCTT3') 

Flk- 1 :  (5 TCTGTGGTTCTGCGTGG AGA3'; 

5'GT AT  C  ATTT  CCAACCAC  CCT  3') 

Tie- 1 :  (5TCTTTGCTGCTCCCC ACTCT3', 
5'ACACACACATTCGCCATCAT3') 

Tie-2:  (5/CCTTCCTACCTGCTACTnA3,) 

5'CCACTAC  ACCTTT  CTTTAC  A3') 

Ang-1:  (5'AAGGGAGGAAAAAGAGAAGAAGAG3/,  5’GTTAG- 
CATGAGAGCGCATTTG3) 

Ang-2:  (5'TGCCTACACTACCAGAAGAAC  3',  5'TATTTACT- 
GCTGAACTCCCAC  3') 

PECAM- 1 :  (5/GTCATGGCCATGGTCGAGTA3/, 
5,CTCCTCGGCATCTTGCTGAA3/) 

VE-cadherin:  (5'GGATGCAGAGGCTCACAGAG3/, 
5'CTGGCGGTTCACGTTGGACT3') 

Smad5:  (5'CTTTCCACCAACCCAACAAC3/) 

5'TCATAGGCGACAGGCTGAAC3') 

endoglin:  (5TACTCATGTCCCTGATCCAGCC3', 
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5'GTCG  ATG  CACTGTACC  I'l’l'l’I  CC3') 

LKLF:  (5'CCACACATACTrGCAGCTACAC3', 
5/CCATCGTCTCCCTTATAGAAATA3/) 

Edg-l:  (5/TAGCAGCTATGGTGTCCACTAG-3/, 

5'G  ATC  CTG  C  AGTAG  AG  G  ATG  G  C3') 

For  immunoblotting,  detergent  extracts  of  E12.5 
embryos  were  analyzed  for  protein  expression  using 
antibodies  against  the  following  proteins:  VE-cadherin 
(catalog  no.  2809 ID;  PharM ingen);  N-cadherin  (cata¬ 
log  no.  SC-7939;  Santa  Cruz  Biotechnology  Inc.,  Santa 
Cruz,  California,  USA);  and  P-cadherin  (catalog  no.  SC- 
7893),  PDGF-B  (catalog  no.  SC-7878),  and  VEGF  (cat¬ 
alog  no.  SC-507;  all  from  Santa  Cruz  Biotechnology). 
A  peroxidase-conjugated  secondaiy  antibody  was  used, 
and  the  reaction  was  visualized  with  the  ECL  +  Plus 
Western  blotting  system  (Amersham  Pharmacia 
Biotech,  Piscataway,  New  Jersey,  USA). 

In  vitro  assays .  Chemotactic  migration  of  cells  was 
measured  in  a  modified  Boyden  chamber  as  described 
previously  using  polycarbonate  filters  (25  X  80  mm;  12 
pm  pore  size)  coated  with  collagen  type  I  (50  ]ig/ml  in 
5%  acetic  acid),  which  promotes  uniform  attachment  to 
and  migration  across  the  filter  without  formation  of  a 
barrier  (22).  SPP  or  medium  without  serum  was  placed 
in  the  lower  chamber  as  chemoattractants.  Mouse 
embryonic  fibroblasts  were  harvested  and  added  to  the 
upper  chamber  at  5  X  104  cells  per  well.  Each  data  point 
was  the  average  number  of  cells  in  four  random  fields, 
each  counted  twice.  Each  determination  represents  the 
average  ±  SD  of  three  individual  wells.  For  the  detection 
of  GTP-bound  activated  Rac,  embryonic  fibroblasts 
were  serum-starved  for  24  hours  before  they  were  treat¬ 
ed  with  SPP  (200  nM)  for  5  minutes.  The  cell  lysates 
were  used  for  affinity  precipitation  with  the  PAK-1  p21 
binding  domain-conjugated  (PDB-conjugated)  agarose 
beads  (Upstate  Biotechnology  Inc.,  Lake  Placid,  New 
York,  USA)  as  described  elsewhere  (23),  or  were  used 
without  fractionation  to  determine  total  Rac  levels.  Rac 
was  visualized  by  immunoblotting  with  an  mAb. 

Results 

Generation  ofEdgl  knockout  mice  with  an  inserted  fi-galac- 
tosidase  (LacZ)  reporter  gene.  Edgl  consists  of  two  exons 
(16),  with  the  entire  coding  region  in  the  second  exon 
(Figure  la).  To  disrupt  Edgl  in  mouse  ES  cells,  we  con¬ 
structed  a  replacement-type  targeting  vector  in  which 
the  Edgl  coding  region,  containing  382  amino  acids, 
was  disrupted  after  the  first  42  amino  acids  by  a  LacZ- 
Neo  cassette  containing  a  internal  ribosome  entry 
sequence  (19).  This  targeting  strategy  should  both 
create  a  disrupted  Edgl  allele  and  enable  analysis  of 
Edgl  expression  in  mice  by  creation  of  an  Edgl-LacZ 
hybrid  transcript  driven  by  the  endogenous  Edg-1 
promoter  elements.  The  targeting  vector  was  lin¬ 
earized  and  electroporated  into  the  TC-1  ES  cell  line. 
Genomic  DNA  from  G418-  and  ganciclovir-resistant 
clones  was  analyzed  by  Southern  blotting.  Of  the  120 
clones  examined,  about  60%  contained  the  2.5-kb 
BamHI  band  diagnostic  of  a  homologous  recombina¬ 


tion  event.  Targeted  ES  cells  were  injected  into 
C57BL/6  mouse  blastocysts  and  produced  highly 
chimeric  male  mice  that  transmitted  the  targeted 
allele  through  the  germ  line  (Figure  lb).  No  EdglLlcZ 
homozygotes  were  found  among  more  than  100  new¬ 
born  animals  from  heterozygous  crosses  (Table  1), 
indicating  an  embryonic  lethal  phenotype.  Heterozy¬ 
gous  Edgl  mice  appeared  at  the  expected  frequency 
and  were  p  he  no  typically  normal. 

EdglUcZ  homozygous  embryos  were  present  in  utero 
as  determined  by  Southern  analysis.  To  confirm  that 
Edgl  was  disrupted  by  the  targeting  scenario,  RT-PCR 
was  performed  on  total  embryonic  RNA  using  primers 
flanking  the  disrupted  sequence  (RT-5'  and  RT-3'  in 
Figure  la).  The  predicted  630-bp  product  was  ampli¬ 
fied  from  RNA  of  both  wild- type  and  heterozygous 
embryos  (Figure  lc).  No  PCR  amplified  band  was 
detected  from  RNA  of  homozygous  mutant  embryos, 
indicating  disruption  of  the  normal  Edgl  transcripts. 

Expression  patterns  of  Edgl  gene  during  mice  embryogene- 
sis.  LacZ  expression,  under  the  control  of  native  Edgl 
regulatory  elements,  was  visualized  by  X-Gal  staining 
in  heterozygous  embryos.  At  E9.5,  intense  expression 
was  observed  in  the  common  ventricular  chamber  of 
heart,  dorsal  aorta,  intersomitic  arteries,  and  capillar¬ 
ies  (Figure  Id).  Weak  expression  was  detected  in  the 
forebrain  and  common  atrial  chamber  of  the  heart. 
Very  weak  or  no  expression  was  found  in  the  anterior 
and  posterior  cardinal  veins  (Figure  Id).  In  addition  to 
the  expression  pattern  observed  in  the  E9.5  embryo, 
E10.5  embryos  showed  prominent  LacZ  expression  in 
the  forebrain  and  a  weaker  level  of  expression  in  the 
spinal  cord  (Figure  le).  To  examine  the  expression  of 
the  Edgl  gene  in  detail,  histological  sections  of  X-Gal 
stained  embryos  were  evaluated.  The  expression  was 
most  prominent  in  the  endothelial  cells  of  arteries  and 
capillaries  (Figure  If),  cardiomyocytes,  and  neuronal 
cells  of  the  telencephalon  (data  not  shown).  No  expres¬ 
sion  was  found  in  the  endothelial  cells  of  veins  (Figure 
lg).  Low  levels  of  expression  were  detected  the  smooth 
muscle  layers  surrounding  the  aorta  (Figure  lh). 

Characterization  ofEdgl  embryos .  To  determine  the 
time  of  embryonic  lethality,  embryos  at  various  stages 
of  gestation  were  isolated.  Genotyping  of  E9.5  to 
El  1.5  embryos  from  Edgl  heterozygous  intercrosses 


Table  1 

Genotype  analysis  of  offspring  from  Edgl  heterozygous  intercrosses 


Age 

Total 

Genotype 

Genotype 

Genotype 

+/+ 

+/- 

-/- 

(%) 

E9.5 

74 

19 

31 

24 

(32) 

El  0.5 

42 

8 

23 

11 

(26) 

El  1.5 

30 

8 

14 

8 

(27) 

El  2.5 

113 

32 

55 

26A 

(23) 

El  3.5 

45 

9 

28 

8A 

(18) 

El  4.5 

33 

12 

21 

0 

(0) 

E15. 5-16.5 

35 

12 

23 

0 

(0) 

Adult 

115 

38 

77 

0 

(0) 

AHemorrhage. 
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revealed  inheritance  of  the  Edgl  mutant  allele  at  the 
expected  mendelian  frequency  (Table  1).  Up  to  El  1.5, 
Edgl '  embryos  appeared  phenotypically  normal.  At 
E12.5,  the  Edgl  7  embryos  could  be  identified  by  their 
abnormal  yolk  sacs,  which  were  edematous,  with  less 
blood  in  the  otherwise  normal  looking,  highly 
branched,  vasculature  (Figure  2a,  arrow's).  After 
removing  the  yolk  sac,  intraembryonic  bleeding  w>as 
evident  in  the  Edgl  '  embryos  (Figure  2b).  The  peri¬ 
cardial  cavity  of  mutant  embryos  was  enlarged  and 


filled  with  fluid.  The  limbs  of  mutant  embryos  were 
underdeveloped  and  rounded  with  areas  of  bleeding. 
In  comparison,  age-matched  wild-type  embryos  had 
more  developed,  fan-shaped  limbs.  Much  less  blood 
was  found  in  the  yolk  sac  blood  vessels  of  El 3.5 
Edgl  /  embryos  compared  with  those  of  the  mutant 
embryos  obtained  1  day  earlier  (Figure  2c,  arrows).  At 
E13.5,  massive  intraembryonic  bleeding  could  be 
observed  through  the  yolk  sac.  In  addition  to  wide¬ 
spread  hemorrhage,  severe  edema  was  observed 


a 

Wild  type 


Targeting  Vector 


Noli 

i-PBSK. 


Targeted 


Probe 


r-,  ^  — 

El  E2 


Figure  1 

Targeted  disruption  and  embryonic  expression  of  the  Edgl  gene,  (a)  Schematic  representation  of  the  Edgl  targeting  strategy.  The  structure 
of  the  mouse  Edgl  locus  is  shown  at  the  top,  the  structure  of  the  Edgl  targeting  vector  in  the  middle,  and  the  predicted  structure  of  the  homol¬ 
ogous  recombined  locus  on  the  bottom.  RT-5'  and  RT-3',  primers  for  RT-PCR.  B,  BamHI;  Bgl,  Bglll;  PBSK,  pBluescript  vector,  (b)  Geno- 
typing  of  mouse  offspring  from  the  Edgl  heterozygous  mating.  Wild-type  Edgl  locus  yielded  a  9.5-kb  BamHI  band.  Disrupted  Edgl  locus 
yielded  a  2.5-kb  BamHI  band.  No  Edg1~'~  mice  were  found  born  alive,  (c)  RT-PCR  analysis  of  total  RNAfrom  El  2.5  mouse  embryos  by  using 
RT-5'  and  RT-3'.  EdgV V  and  Edgl +/"  RNA  yielded  the  predicted  630-bp  amplification  product.  No  amplification  product  was  detected  from 
Edgl”'"  RNA.  (d,  e)  Whole-mount  of  EdgV'"  E9.5  and  El  0.5  embryos  stained  with  X-Gal.  H,  heart;  DA,  dorsal  aorta;  ISA,  intersomatic  arter¬ 
ies;  CP,  capillaries;  TC,  telencephalon;  ACV,  anterior  cardinal  vein,  (f)  Longitudinal  section  of  dorsal  aorta  (DA)  from  El  0.5  EdgV'"  embryo. 
LacZ  staining  is  seen  in  arterial  ECs(AEC).  (g)  Longitudinal  section  of  posterior  cardinal  vein  (PCV)  from  El  0.5  EdgV-'"  embryo.  LacZ  stain¬ 
ing  is  seen  in  arterial  endothelial  cells  (AEC)  but  not  in  venous  endothelial  cells  (VEC).  (h)  Transverse  section  of  dorsal  aorta  from  El  2.5 
EdgVV  embryo.  Vascular  ECs  and  VSMCs  are  stained.  EC,  endothelial  cell;  VSMC,  vascular  smooth  muscle  cell.  Scale  bars  -  50  |im. 
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Figure  2 

Phenotype  of  Edgl~'~  embryos  and 
normal  vascular  network  in  the 
Edg1~'~  embryos.  Photomicro¬ 
graphs  of  El  2.5  and  E13.5 
embryos  with  the  amnion,  yolk  sac, 
and  placenta  intact  (a  and  c),  or 
with  extraembryo nic  membranes 
removed  (b  and  d).  Edgl~/~ 
embryos  show  normal  yolk  sac  vas¬ 
culature  but  with  less  blood 
(arrows).  Volk  sacs  of  Edg1~'~ 
embryos  display  progressive 
edema.  El  2.5  Edgl embryo 
shows  intraembryonic  hemorrhag¬ 
es  in  the  body  and  limbs.  FL,  front 
limb;  HL,  hind  limb.  E^3.5  Edg1~^~ 
embryo  demonstrates  severe 
intraembryonic  hemorrhages  and 
edema.  Both  El  2.5  and  E13.5 
Edgl'/’  embryos  display  pericardial 
cavity  (PCC)  edema,  (e-h)  El 2.5 
wild-type  and  Edg1~/"  embryos 
were  stained  with  an  anti-CD34 
mAb  and  visualized  by  low-power 
(e  and  f)  or  higher-power  (g  and  h) 
magnification.  Note  the  normal 
vascular  patterning,  capillary 
plexus,  and  capillary  sprouting 
(black  arrowheads)  in  the  Edgl V- 
embryos.  Small  blood  vessels  in  the 
forebrain  of  Edgl embryos  are 
slightly  dilated  (white  arrowheads). 


El  2.5 


El  3.5 


E12.5 


E12.5 


throughout  the  body  of  Edgl embryos  (Figure  3d). 
No  Edgl  /  embryos  survived  beyond  E14.5  (Table  1). 

Normal  vasculogenesis  in  Edgl  7  embryos.  To  define  the 
vascular  system  in  the  Edgl '  embryos,  the  morphol¬ 
ogy  of  the  vasculature  was  characterized  by  whole- 
mount  immunohistochemical  staining  using  mAb’s 
against  markers  for  endothelial  ceils.  Antibodies  to 
CD34  (Figure  2,  e  and  f)  and  platelet  endothelial  cell 
adhesion  molecule- 1  (PECAM-1)  (data  not  shown) 
revealed  a  substantially  normal  arborized  vascular 
network  both  in  the  mutants  and  age-matched  control 
embryos.  High  magnification  views  showed  capillary 
sprouts  in  the  head  of  mutant  embryos  (Figure  2,  g 
and  h,  black  arrowhead).  However,  the  small  vessels  in 
the  forebrain  of  mutant  embryos  appeared  dilated  and 
stained  darker  than  controls  with  antibodies  against 
PECAM-1  and  CD34  (white  arrowheads). 

Because  SPP  signaling  through  Edg-1  was  shown  to  be 
involved  in  adherens  junction  assembly  in  HUVEC  cells 
in  vitro  (24),  we  investigated  the  expression  of  VE-cad- 


herin,  P-cadherin,  E-cadherin,  N-cadherin,  and  PECAM- 
1  in  Edgl  /  embryos  by  using  whole-mount  immuno- 
histochemistry  and  Western  blot  analysis.  No  obvious 
difference  was  observed  in  expression  patterns  between 
mutant  and  control  embryos.  Disruption  of  VE-cad- 
herin  function  causes  increased  endothelial  apoptosis 
(25);  however,  there  was  no  apparent  enhancement  of 
endothelial  cell  death  in  El 2. 5  Edgl  embryos  as  deter¬ 
mined  by  TUNEL  staining  (data  not  shown). 

Because  Edgl  is  highly  expressed  in  vascular 
endothelial  cells,  endothelial  cell  proliferation  and 
differentiation  signaling  factors,  including  VEGF}  Fit¬ 
ly  Flk-ly  Tie-ly  Tie-2 ,  Ang-1}  and  Ang-2}  were  analyzed  by 
Western  blot  and  RT-PCR  methods.  All  of  these  genes 
were  expressed  in  Edgl  '''  embryos  at  levels  similar  to 
those  of  control  embryos  (data  not  shown).  Thus  the 
expression  of  genes  required  for  early  differentiation 
and  assembly  of  endothelial  cells  into  the  vascular 
network  was  not  impaired  in  the  Edgl  /  embryos.  Our 
data  indicate  that  in  Edgl  t~  embryos,  vasculogenesis 
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Figure  3 

Vascular  smooth  muscle  defects  In  the  Edg1~'~ 
embryos,  (a  and  b)  Aortae  of  El  2.5  embryos,  sec¬ 
tioned  longitudinally  and  stained  with  anti-SMaA 
antibody.  Note  the  lack  of  SMaA-positive  smooth 
muscle  cells  (bracket)  on  the  dorsal  side  of  aorta  in 
the  Edg1_/’  embryo,  (c  and  d)  Transverse  sections 
of  aortae  from  El  2.5  embryos  stained  with  anti- 
SMaA.  Smooth  muscle  cells  have  accumulated  at 
the  ventral  site  of  the  aorta  in  the  EdgT v  embryo. 
Note  the  discontinuous  endothelial  cell  (EC)  layer 
(bracket)  in  the  Edg1~’~  embryo.  Many  blood  cells 
have  leaked  out  to  the  surrounding  tissues  in  the 
Edg1~;~  embryo  (arrowheads).  BC,  blood  cells,  (e 
and  f)  H&E  staining  of  aorta  from  El  1 .5  and  1 2.5 
Edgl"'~  embryos.  Arrows  point  to  ECs.  Note  their 
normal,  flattened  morphology  in  e  and  abnormal, 
cuboidal  morphology  in  f.  (gand  h)  Cranial  arter¬ 
ies  from  El 2.5  embryos  stained  with  anti-SMaA 
antibody.  Note  the  clustering  of  smooth  muscle 
cells  and  nearly  naked  endothelial  tube  from  the 
Edgl ~f~  embryo,  (i  and  j)  Sections  of  intestine  from 
El  2.5  embryos  stained  with  anti-SMaA.  Note  that 
that  coverage  of  intestine  by  smooth  muscle  is  sim¬ 
ilar  in  control  and  mutant  embryos.  Scale  bars  “  1 
mm  (a  and  b);  50  pm  (c  and  d);  50  pm  (e  and  f); 
50  pm  (g  and  h);  500  pm  (i  and  j). 
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and  the  phase  of  angiogenesis  that  entails  vessel 
sprouting  and  penetration  had  occurred. 

Vascular  smooth  muscle  defects  in  Edgl  y  embryos.  After 
the  initial  formation  of  the  vascular  plexus,  vessels 
mature  by  the  stabilization  of  the  endothelial  vascu¬ 
lar  network  through  a  recruitment  and  differentia¬ 
tion  process  that  ultimately  results  in  the  investment 
of  vessel  walls  with  mural  cells  (26). 

Vascular  smooth  muscle  cells  (VSMCs)  first  appear 
on  the  ventral  side  of  the  aorta  in  E10.5  embryos,  fol¬ 
lowed  by  migration  to  the  dorsum  (27).  By  El  1.5,  the 
aorta  is  completely  enveloped  by  VSMCs  (27).  To 


assess  this  aspect  of  vessel  development  in  the  Edgl 
mutant  embryos,  VSMCs  were  identified  using  an 
antibody  to  SMaA.  In  longitudinal  sections  of  E12.5 
control  embryos  stained  with  anti-SMaA,  the  dorsal 
aortae  were  found  to  be  completely  surrounded  by 
VSMCs  (Figure  3a).  The  aortae  of  Edgl' l  mice  were 
strikingly  different.  SMaA-positive  VSMCs  were  pres¬ 
ent  on  the  ventral  surface;  however,  VSMCs  were  defi¬ 
cient  along  the  entire  length  of  the  dorsal  surface 
examined  (Figure  3b). 

Transverse  sections  of  aortae  from  control  embryos 
showed  two  to  three  layers  of  VSMCs  surrounding  the 
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vessel  (Figure  3c).  In  contrast,  similar  sections  from 
Edgl 1  embryos  showed  that  the  aortae  were  covered 
only  ventrally  by  poorly  organized  SMaA-expressing 
cells  (Figure  3d).  SMaA-expressing  cells  were  not  found 
on  the  dorsal  side  of  the  mutant  aortae.  These  results 
suggested  initial  recruitment  and  differentiation  had 
taken  place  to  produce  VSMCs  on  the  ventral  side  of  the 
mutant  aorta,  but  that  the  process  leading  to  the  com¬ 
plete  envelopment  of  the  vessel  was  defective.  Endothe¬ 
lial  cell  morphology  appeared  normal  in  El  1.5  embryos, 
before  the  onset  of  bleeding  (Figure  3e).  In  the  E12.5 
embryos,  after  the  onset  of  bleeding,  the  dorsal  aortic 
surface  (uncovered  by  VSMCs)  appeared  abnormal  and 
discontinuous  (Figure  3,  d  and  f). 

In  El 2. 5  control  embryos,  the  majority  of  medium¬ 
sized  arteries,  identified  by  association  with  SMaA- 
positive  VSMCs,  were  surrounded  by  a  continuous 
layer  of  VSMCs  (Figure  3g).  Only  rare  vessels  were 
found  with  an  incomplete  covering  by  VSMCs.  In  con¬ 
trast,  a  substantial  faction  of  intracerebral  arteries  in 
the  mutant  embryos  displayed  a  discontinuous  or 
patchy  covering  by  VSMCs  (Figure  3h).  Bleeding  from 
these  arteries  was  apparent  by  the  presence  of  blood 
cells  in  the  surrounding  tissue  space  (Figure  3h). 

The  muscularlayers  in  the  gastrointestinal  tract  (Fig¬ 
ure  3,  i  and  j)  and  bronchial  tree  (data  not  shown)  were 
well  developed  in  the  mutant  embryos,  indicating  that 
there  was  not  a  generalized  defect  in  smooth  muscle. 

The  blood  vessel  defects  in  the  Edgl  /  embryos  were 
further  analyzed  by  electron  microscopy.  Small  blood 
vessels  from  the  limb  of  E  12.5  Edgl  '  embryos  illus¬ 
trated  a  marked  reduction  of  VSMCs/pericytes  adja¬ 
cent  to  the  endothelial  cells  (Figure  4,  a  and  b).  The 
endothelial  cell  body  was  very  thin,  and  in  some  areas, 
fragmented  (data  not  shown).  Intracerebral  capillaries 
of  mutant  embryos  appeared  without  associated 
microvascular  pericytes  (Figure  4,  c  and  d).  The 
endothelial  cell  nuclei  of  the  mutant  capillaries  were 
abnormally  rounded  and  enlarged.  The  areas  sur¬ 
rounding  these  vessels  were  generally  much  less  dense¬ 
ly  packed  with  cells.  Mutant  blood  vessels  contained 
normal-appearing,  electron-dense  interendothelial 
junctions  (Figure  4,  e  and  f),  suggesting  that  endothe¬ 
lial  cell-cell  junctions  formation  occurred  in  the 
absence  of  Edg-1.  Given  that  PDGF-B  and  its  receptor 
(3  are  critical  for  the  investment  of  capillaries  with  per¬ 
icytes  (28-30),  we  determined  their  expression  in 
mutant  embryos.  We  found  that  in  Edgl  '  embryos 
PDGF-B  expression  was  normal  as  determined  by  West¬ 
ern  analysis  and  that  PD GF- receptor  p  was  highly 
expressed  in  mesenchymal  cells  by  immunohisto- 
chemical  analysis  (data  not  shown).  Mice  deficient  in 
the  transcription  factor  LKLF  also  show  marked  reduc¬ 
tions  in  VSMCs  and  pericytes  around  vessels  (31).  RT- 
PCR  of  E12.5  Edgl S"  RNA  indicated  that  LKLF  expres¬ 
sion  was  similar  to  control  levels  (data  not  shown). 

SPP  induced  migration  in  Edgl  7  fibroblasts.  Our  analy¬ 
sis  of  Edgl  embryos  demonstrated  a  defect  in  blood  ves¬ 
sel  maturation  that  appeared  to  involve  the  ability  of 


mural  cells  to  properly  organize  and  reinforce  endothe¬ 
lial  walls.  Recently,  Edg-1  has  been  implicated  as  the 
mediator  of  an  SPP-induced  migration  response  in  dif¬ 
ferent  cell  types  (32-35).  We  investigated  whether  cells 
derived  from  the  mutant  embryos  were  defective  in 
their  migration  response  to  SPP. 

Fibroblasts  were  obtained  from  control  and  Edgl  ^ 
embryos.  RT-PCR  revealed  that  wild-type  fibroblasts 
expressed  transcripts  for  Edgl ,  -3,  and  -5  genes  (Figure 
5a).  Edgl  /  fibroblasts,  as  expected,  were  devoid  of  the 
authentic  Edgl  transcript  but  contained  transcripts  for 
Edg3  and  -5.  The  mutant  cells  adhered  normally  to  tis¬ 
sue  culture  plates  and  exhibited  a  normal  mitogenic 
response  to  SPP  (data  not  shown). 

As  shown  in  Figure  5b,  100  nM  SPP  induced  a  sig¬ 
nificant  increase  in  the  chemotaxis  of  wild-type  fibrob¬ 
lasts.  In  contrast,  the  Edgl  ^  fibroblasts  did  not  dis¬ 
play  a  significant  migratory  response  to  SPP,  proving 
that  Edg-1  is  required  for  SPP-induced  migration  in 
these  cells.  Because  Rac  activation,  which  has  been 
shown  to  be  stimulated  by  SPP  (24),  is  critical  for  cell 
migration  responses  (36),  we  compared  the  effect  of 


Figure  4 

Reduced  VSMCs  and  pericytes  in  the  Edgl  vessels,  (a-d)  EM  micro¬ 
scopic  analyses  of  representative  small  blood  vessels  from  the  limb 
(a  and  b)  and  brain  capillaries  (c  and  d)  from  El  2.5  wild-type  and 
Edgl  embryos.  Reduced  number  ofVSMCs  (bracket  in  b)  and  the 
lack  of  capillary  pericytes  (PC)  were  found  in  the  Edg1~/~  embryos. 
Notice  the  abnormally  rounded  EC  nucleus  in  the  Edgl  V-  capillary 
(d).  (e  and  f)  EC  junctions  (arrows)  in  wild-type  and  mutant 
embryos.  Note  the  normal  EC  junction  (EJ)  in  the  Edg1~'~  embryo  (f). 
BC,  blood  cell.  x2,000  (a-d);  x50,000  (e  and  f). 
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Figure  5 

Migration  and  Rac  activation  defects  in  Edg1~'~  embryonic  fibrob¬ 
lasts.  (a)  RT-PCR  analysis  of  Edgl,  -3,  and -5  expression  was  carried 
out  with  total  RNA  isolated  from  EdgV EdgV and  Edgl  V- 
embryonic  fibroblasts,  (b)  5PP  chemotactic  responses  of  embry¬ 
onic  fibroblasts.  Serum-starved  EdgV •/*  and  EdgV '  "  fibroblasts  were 
allowed  to  migrate  toward  a  gradient  produced  by  SPP  ( 1 00  nM). 
Control  (Cont.)  indicates  medium  without  serum  was  used  as  the 
chemoattractant.  Chemotaxis  was  measured  as  described  in  Meth¬ 
ods.  Data  are  means  ±  SD  of  triplicate  determinations.  Statisti¬ 
cally  significant  difference  compared  with  the  control,  determined 
by  Student’s  t  test  ( P  <  0.01 ).  (c)  Rac  activation  in  fibroblasts. 
EdgV V  and  EdgV"'  "  fibroblasts  were  serum-starved  and  then  treat¬ 
ed  with  SPP  for  5  minutes.  The  cell  lysates  were  used  both  for  affin¬ 
ity  precipitation  with  the  PAK-1  -conjugated  agarose  to  pull  down 
activated,  GTP-bound  Rac  (top  panel)  and  without  fractionation 
to  determine  total  Rac  levels  (bottom  panel)  by  SDS-PAGE  and 
immunoblotting.  (d)  Model  of  Edg-1  functions  in  blood  vessel 
development.  The  Edgl  knockout  demonstrates  chat  Edg-1  is  essen¬ 
tial  for  vascular  maturation  by  impairing  the  recruitment  ofsmooth 
muscle  cells  to  vessel  walls.  SPP,  found  in  blood,  may  directly  stim¬ 
ulate  Edg-1  on  VSMCs,  facilitating  their  migration  to  vessels  walls. 
In  a  second  mechanism,  which  does  not  exclude  the  first,  SPP  could 
stimulate  Edg-1  expressed  on  endothelial  cells,  which  in  turn  recruit 
may  VSMCs.  EC,  endothelial  cell;  SMC,  smooth  muscle  cell. 


SPP  on  Rac  activation  in  wild- type  a nd  Edgl  fibrob¬ 
lasts  (Figure  5c).  In  wild-type  fibroblasts,  SPP  treat¬ 
ment  resulted  in  a  substantial  increase  in  the  amount 
of  activated  Rac.  By  contrast,  no  increase  in  activated 
Rac  could  be  detected  after  SPP  treatment  of  Edgl  ' 
fibroblasts,  demonstrating  that  Edg-1  is  required  for 
the  SPP  induction  of  activated  Rac. 

Discussion 

A  number  of  receptor-mediated  signaling  pathways 
have  been  identified  that  coordinate  the  stages  of  blood 
vessel  formation.  Disruption  of  the  genes  encoding 
these  receptors  and  ligands  in  mice  has  been  instru¬ 
mental  in  defining  their  roles  (reviewed  in  refs.  26, 37, 
38).  Vasculogenesis  is  dependent  on  VEGF  and  its  recep¬ 
tor  tyrosine  kinases,  Flk-1  and  Fit-1,  expressed  in 
endothelial  cells  (39-42).  VEGF,  Flk-1 ,  and  Flt-1  knock¬ 
out  mice  die  between  E8.5  and  E9.5  as  a  result  of  defects 
in  the  formation  of  the  primitive  vasculature.  Angio¬ 
genesis  and  vascular  remodeling  require  the  Tie-2  recep¬ 
tor  tyrosine  kinase  on  endothelial  cells  and  its  ligand, 
angiopoietin-1.  Without  Tie-2,  mice  have  normal  vas¬ 
culogenesis  but  defective  vessel  sprouting,  branching, 
and  remodeling;  they  die  at  E10.5.  Mice  devoid  of 
angiopoietin-1  have  a  similar  phenotype  (43-45). 

Signaling  pathways  have  also  been  implicated  in  the 
recruitment  and  differentiation  of  mural  cells  during 
vessel  maturation.  PDGF-B  and  its  receptor-p  have  been 
shown  to  be  essential  for  the  recruitment  of  mesenchy- 
mally  derived  mural  cell  precursors  to  vessel  walls  (30, 
46).  Disruption  of  the  PDGF-B  or  PDGF receptor- ft  genes 
in  mice  leads  to  lethal  hemorrhage  and  edema  in  the 
perinatal  stage  owing  to  a  lack  of  microvasculature  per¬ 
icytes  (28-30).  TGF-pl  induces  differentiation  of  VSMCs 
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(47)  after  their  recruitment  to  endothelial  walls  (48, 49). 
The  endothelial  TGF-pi  binding  protein,  endoglin,  and 
its  downstream  signaling  molecule,  SMAD5,  both 
important  in  the  TGFpl  signaling  pathway,  also  have 
essential  roles  in  VSMC  differentiation  (50, 51).  Endoglin- 
and  SmadS-deficient  mice  die  between  El 0.5  and  El  1.5 
with  a  lack  of  VSMCs  around  major  vessels. 

These  studies  point  to  the  critical  roles  played  by 
receptor  tyrosine  kinases  during  vascular  development. 
In  contrast,  the  involvement  of  G-protein-coupled  sig¬ 
naling  pathways  have  not  been  as  well  characterized 
during  development.  Such  pathways  are  important 
because  disruption  of  the  Gn;  J3  gene  results  in  defects 
in  embryonic  vasculature  formation,  presumably  due 
to  a  migration  defect  (52),  However,  upstream  recep¬ 
tors  involved  had  not  been  defined. 

Role  of  Edg-1  during  early  vascular  system  development.  We 
found  that  Edgl  was  highly  expressed  in  the  cardiovas- 
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cular  system  during  early  embryonic  development.  Vas¬ 
cular  endothelial  cells  expressed  Edgl  at  relatively  high 
levels,  although  expression  was  almost  exclusively 
found  in  the  endothelial  cells  of  arteries  rather  than  of 
veins.  A  low  but  detectable  expression  was  also  found 
in  VSMCs  surrounding  the  aorta.  Expression  of  Edgl 
was  prominent  in  cardiomyocytes,  although  no  gross 
abnormalities  were  detected  in  the  developing  heart.  In 
addition  to  the  vascular  system,  Edgl  was  found  highly 
expressed  in  the  developing  central  nervous  system  as 
has  been  shown  previously  (16, 18). 

Severe  bleeding  caused  lethality  in  Edgl  "A  embryos 
between  E12.5  and  El 4.5.  However,  the  mutant 
embryos  showed  a  substantially  normal  blood  vessel 
network  when  stained  with  antibodies  to  markers  spe¬ 
cific  for  differentiated  endothelial  cells  such  as 
PECAM-1  and  CD34.  The  expression  of  genes  known 
to  be  important  for  vasculogenesis  and  angiogenesis 
was  not  measurably  affected  in  Edgl  /  embryos.  These 
genes  included  VEGF}  Flk-1 ,  Flt-1 ,  Ang-1 ,  and  Tie-2 .  Each 
phenotype  of  these  knockout  mice  is  quite  distinct 
from  that  of  the  Edgl  '  mice,  which  develop  a  relative¬ 
ly  normal  appearing  vascular  network  and  die  between 
E12.5  and  E14.5.  These  results  indicate  that  Edgl  is  dis¬ 
pensable  for  vascular  endothelial  cell  differentiation, 
proliferation,  migration,  and  tube  formation  during 
vasculogenesis  and  for  the  stage  of  angiogenesis  involv¬ 
ing  vessel  sprou  ting  and  branching.  The  morphology 
and  viability  of  endothelial  cells  in  the  mutants 
appeared  normal  until  the  onset  of  severe  bleeding, 
suggesting  that  the  morphology  changes  were  second¬ 
ary  to  the  lack  of  supporting  VSMCs  and  subsequent 
disruption  of  the  vessels  in  the  mutant  embryos. 

Although  SPP  signaling  through  Edg-1  has  been 
shown  to  regulate  adherens  junction  formation  in  vitro 
in  human  endothelial  cells,  we  found  no  evidence  of 
aberrant  endothelial  junctions  in  Edgl  mutant  mice 
during  development.  Ultrastructural  analysis  of 
mutant  endothelial  cells  revealed  normal  appearing 
cell-cell  junctions.  The  phenotype  of  the  Edgl  mutant 
embryos  was  also  not  in  keeping  with  significant 
defects  in  endothelial  cell  junctions.  Recently,  it  was 
shown  that  VE-cadherin,  an  important  component  of 
adherens  junctions,  controls  an  endothelial  cell  sur¬ 
vival  pathway  through  its  intracellular  interaction  with 
p-catenin  (25).  Disruption  of  this  pathway  in  mice 
resulted  in  impaired  angiogenesis,  increased  endothe¬ 
lial  apoptosis,  and  embryonic  death  by  E9.5.  The  Edgl 
mutant  mice  exhibited  none  of  these  characteristics. 
Thus  the  formation  of  functional  endothelial  junctions 
apparently  proceeds  normally  during  early  develop¬ 
ment  in  the  absence  of  Edg-1.  This  could  indicate  that 
there  is  functional  redundancy  among  members  of  the 
Edg  family  for  this  process  and  that  other  Edg  proteins 
may  substitute  for  Edg-1.  It  may  also  indicate  that  the 
SPP-Edg  regulation  of  adherens  junction  assembly  is 
not  required  for  blood  vessel  formation  during  devel¬ 
opment.  However,  this  would  not  preclude  a  role  for 
the  pathway  during  angiogenesis  in  the  adult. 


Functions  of  Edg-1  during  vessel  maturation .  In  dorsal 
aorta,  VSMC  investment  is  initiated  on  the  ventral  side 
with  a  condensation  of  SMaA-positive  cells.  The 
recruitment  process  continues  dorsally  until  VSMCs 
have  completely  enveloped  the  endothelial  tube  (27). 
We  found  that  the  aortae  of  wild-type  and  heterozy¬ 
gous  embryos  were  surrounded  by  several  layers  of 
elongated  VSMCs.  The  aortae  in  the  Edgl  ^  embryos 
were  strikingly  abnormal  in  VSMC  investment.  Aortic 
sections  demonstrated  the  presence  of  multiple  layers 
of  SMaA-positive  cells,  but  only  at  the  ventral  surface. 
These  results  suggest  that  the  defect  in  VSMC  invest¬ 
ment  of  vessel  walls  in  Edgl  mutant  embryos  was 
expressed  after  the  initial  VSMC  recruitment  to  the 
ventral  aortic  surface  has  taken  place.  This  vessel 
abnormality  was  distinct  from  that  observed  in  mice 
deficient  in  endoglin,  the  TGF-p  binding  protein  on 
endothelial  cells,  and  in  SMAD5,  the  TGF-P  1  signaling 
molecule.  Both  of  these  proteins  are  required  for  VSMC 
differentiation;  the  respective  knockout  mice  have 
severely  defective  VSMC  development  with  almost  no 
SMaA-positive  cells  around  vessels  (50, 51). 

In  addition  to  a  defect  in  mural  cell  recruitment  in 
dorsal  aorta,  the  EdgT''~  mice  exhibited  defects  in  the 
smaller  vessels  and  in  the  microvasculature.  By  elec¬ 
tron  microscopy,  we  found  evidence  of  a  lack  of  peri¬ 
cytes  associated  with  capillaries.  When  pericytes  are 
deficient  as  in  PDGF-B  '  mice,  dilated  microvessels 
develop  that  are  prone  to  rupture  (53).  Similarly,  in  the 
Edgl  A  mice,  dilation  of  small  cranial  vessels  and 
bleeding  were  evident. 

How  does  Edg-1  so  dramatically  influence  the  recruitment  of 
VSMCs  to  vessels  during  development?  With  fibroblasts 
from  the  Edgl  mutant  mice,  we  found  that  in  the 
absence  of  Edg-1,  the  SPP-induced  activation  of  Rac 
seen  in  wild-type  cells  did  not  occur.  Rac  is  a  key  regu¬ 
lator  of  the  actin  cytoskeleton  and  of  associated  activi¬ 
ties  such  as  cell  motility  (36,  54).  Thus,  the  Edgl 
fibroblasts,  without  this  signaling  pathway,  were 
unable  to  mount  a  migration  response  to  SPP.  This  sig¬ 
naling  pathway  may  also  operate  in  VSMCs,  and  its  dis- 
ruption  could  be  responsible  for  the  defect  in  vascular 
maturation  seen  in  the  Edgl mice.  Consistent  with 
this  hypothesis,  we  found  that  Edg-1  mediates  migra¬ 
tion  of  normal  VSMCs  toward  SPP  (data  not  shown). 
SPP  is  abundantly  stored  in  platelets  and  secreted  after 
stimulation  (55).  Other  blood  cells,  including  erythro¬ 
cytes,  neutrophils,  and  mononuclear  cells,  produce  and 
secrete  SPP  constitutively  (56),  resulting  in  significant 
SPP  levels  in  blood.  During  maturation  of  the  dorsal 
aorta  and  possibly  other  vessels,  plasma  containing 
SPP  could  escape  from  immature,  leaky  vessels  and  act 
as  a  signal  to  recruit  VSMCs  that  are  differentiating  in 
the  proximity  of  vessel  walls  (Figure  5d). 

Recently,  it  was  shown  that  the  zebra  fish  gene,  mil , 
encodes  an  SPP-binding,  G  protein-coupled  receptor 
of  the  Edg  family  that  directs  the  migration  of  heart 
precursors  to  the  midline  during  embryonic  develop¬ 
ment  (57).  Interestingly,  mil  does  not  function  in  the 
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migrating  precursor  cells,  but  in  the  paraxial  cells  at  the 
midline,  presumably  by  creating  a  permissive  environ¬ 
ment  for  migration.  Sequence  and  functional  similari¬ 
ties  suggest  that  mil  may  be  the  ortholog  of  the  mam¬ 
malian  EdgS  gene.  However,  the  indirect  influence  of 
mil  on  migrating  cells,  as  well  as  the  high  level  of  expres¬ 
sion  of  Edgl  in  arterial  endothelial  cells,  raises  the  pos¬ 
sibility  that  Edg-1  stimulation  on  endothelial  cells  may 
regulate  the  recruitment  of  VSMCs  (Figure  5d).  This 
might  occur  via  the  upregulation  of  adhesion  mole¬ 
cules  on  endothelial  cells,  or  by  stimulating  the  secre¬ 
tion  of  recruitment  factors  for  VSMCs.  Further  studies 
using  tissue-specific  knockouts  of Edgl  will  be  required 
to  address  precisely  how  Edg-1  functions.  Nevertheless, 
our  data  demonstrate  an  indispensable  role  of  Edgl  in 
vascular  maturation  and,  together  with  the  results 
showing  mil  is  essential  for  heart  organogenesis,  indi¬ 
cate  that  different  members  of  the  Edg  receptor  family 
regulate  distinct  aspects  of  cardiovascular  development 
through  sphingolipid  signaling  pathways. 

In  summary,  we  have  uncovered  a  unique  and  vital 
role  for  the  G  protein-coupled  receptor,  Edg-1,  in  blood 
vessel  formation  during  development.  The  SPP-Edg  sig¬ 
naling  pathway  may  also  have  important  functions  in 
adult  vascular  biology.  SPP  stimulation  of  Edg  receptors 
on  endothelial  cells  in  vitro  results  in  proliferation, 
migration,  and  tube  formation  (24,  32, 58),  all  requisite 
for  the  angiogenic  process.  Thus,  the  release  of  SPP  after 
platelet  activation,  with  subsequent  stimulation  of  the 
Edg  receptors  on  both  endothelial  cells  and  VSMCs, 
may  drive  blood  vessel  formation  during  wound  heal¬ 
ing  and  solid  tumor  growth  (59, 60).  If  so,  the  SPP-Edg 
signaling  pathway  is  a  potential  target  for  therapeutic 
manipulation  during  these  and  other  processes  that  are 
dependent  on  angiogenesis. 
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